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A B S T R A C T  

Photovoltaic sources feed power back t o  a u t i l i t y  t h r o u g h  s t a t i c  
power converters  (SPCs)  dur ing normal ope ra t ion .  The S P C s  a r e  
d e s i g n e d  t o  s h u t  down when t h e  u t i l i t y  g r i d  i s  a b n o r m a l ;  
however, it h a s  been  shown t h a t  t h e y  c o n t i n u e  t o  o p e r a t e  o r  
"run-on" under cer ta in  abnormal condi t ions .  T h i s  r e s e a r c h  was 
d e s i g n e d  t o  e s t a b l i s h  t h e  c o n d i t i o n s  of l oad  v s .  g e n e r a t i o n  
under which run -  on would occur, Computer simulations were made 
of a TESLACO self-commutated SPC and of a Gemini line-commutated 
SPC. The r e s u l t s  of t h e  simulations were ver i f ied by l a b o r a t o r y  
and f i e ld  t e s t s .  Run-on was found t o  occur only when t h e r e  was 
a v e r y  c l o s e  match be tween PV g e n e r a t i o n  ( S P C  o u t p u t )  - n d  
connected load. For  t h e  TESLACO,  under matched-load condi t i  as,  
run-on w a s  limited t o  4 s e c o n d s ,  due  t o  d e s t a b i l i z i n g  c i r c u i t s  
and i n t e r n a l  t r i p  mechanisms. For  t h e  Gemini, e x t e r n a l  V A R  
support ,  necessary f o r  matched- load c o n d i t i o n s ,  a l lows  t h e  u n i t  
t o  r u n - o n  i n d e f i n i t e l y .  The  a d d i t i o n  o f  i n t e r n a l  t r i p  
mechanisms based on s e n s i n g  f r e q u e n c y  and v o l t a g e ,  a v a i l a b l e  
from t h e  Gemini manufacturer, reduced run-on t o  an extremely l o w  
p r o b a b i l i t y  e v e n t .  The r e s e a r c h  d i d  n o t  r e v e a l  any dynamic 
in te rac t ion  among multiple TESLACOs ,  multiple Geminis, o r  among 
T E S L A C O s  and  Geminis w i th in  an  i s l a n d  t h a t  would c a u s e  t h e  
island t o  p e r s i s t  l o n g e r  t h a n  it  would  f o r  a s i n g l e  S P C .  
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EXECUTIVE SUMMARY 

The s a f e t y  o f  l i n e  c rew pe rsonne l  and o t h e r s  i s  a m a j o r  conce rn  o f  e l e c t r i c  

u t i l i t i e s  r e g a r d i n g  t h e  w idesp read  use o f  g r i d - c o n n e c t e d  p h o t o v o l t a i c  ( P V )  

power sources .  PV sources  f e e d i n g  power back  t o  t h e  e l e c t r i c  u t i l i t y  g r i d  

t h r o u g h  s t a t i c  power c o n v e r t e r s  ( S P C s ) ,  w h i c h  a r e  des igned  t o  s h u t  down when 

d i s c o n n e c t e d  f r o m  t h e  g r i d ,  have been shown t o  c o n t i n u e  t o  o p e r a t e  under  

c e r t a i n  s i m u l a t e d  c o n d i t i o n s  when d i s c o n n e c t e d  f r o m  t h e  u t i l i t y .  T e s t s  f o r  

i s o l a t e d  o p e r a t i o n  o r  " r u n n i n g  on" o f  se l f - commuta ted  s i n g l e  i n v e r t e r s  conduc ted  

a t  Sandia N a t i o n a l  L a b o r a t o r i e s  have r e s u l t e d  i n  c o n t r o l  c i r c u i t  m o d i f i c a t i o n s  

f o r  some d e s i g n s ,  wh ich  have improved t h e  shut-down c h a r a c t e r i s t i c s  o f  t hose  

SPCs.  L i t t l e  was known abou t  t h e  e f f e c t i v e n e s s  o f  t h o s e  m o d i f i c a t i o n s  i n  

p r e v e n t i n g  i s o l a t e d  o p e r a t i o n  o r  " i s l a n d i n g "  o f  s e v e r a l  SPCs i n  p a r a l l e l .  I t  

was c o n j e c t u r e d  t h a t  m u l t i p l e  SPCs m i g h t  i n t e r a c t  d y n a m i c a l l y  under  c e r t a i n  

c o n d i t i o n s  t o  p r e v e n t  t h e  shut-down l o g i c  f r o m  w o r k i n g  p r o p e r l y .  The purpose 

o f  t h i s  r e s e a r c h  was t o  show i f  i s l a n d i n g  o f  m u l t i p l e  SPCs w i l l  o c c u r  and t o  

e s t a b l i s h  boundary  c o n d i t i o n s  under  wh ich  i t  w i l l  o c c u r .  To a c c o m p l i s h  t h i s  

r e s e a r c h  t h e  p r o j e c t  was s p l i t  i n t o  t h r e e  t a s k s :  

1. Computer s 

2 .  L a b o r a t o r y  

3 .  F i e l d  t e s t  

mu1 a t i  on s 

t e s t i n g  

ng 

The p r i m a r y  emphasis o f  t h e  r e s e a r c h  was t o  use computer  s i m u l a t i o n s  t o  d e f i n e  

t h e  boundary c o n d i t i o n s  under  w h i c h  i s l a n d i n g  c o u l d  o c c u r .  The pu rpose  o f  t h e  

l a b o r a t o r y  and f i e l d  t e s t s  was t o  v a l i d a t e  t h e  r e s u l t s  o f  t h e  s i m u l a t i o n s .  

x i  i 
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Computer s i m u l a t i o n s  o f  PV a r r a y s ,  SPCs,  and a u t i l i t y  sys tem were  made u s i n g  

t h e  E l e c t r o m a g n e t i c  T r a n s i e n t s  Program (EMTP). Because o f  a l i m i t e d  

a v a i l a b i l i t y  o f  d e t a i l e d  d a t a  on c o m m e r c i a l l y  a v a i l a b l e  SPCs, o n l y  two were 

chosen t o  be modeled and a n a l y z e d  w i t h  d e t a i l e d  computer  s i m u l a t i o n s  - a 

se l f -commuta ted ,  4000-wat t ,  SPC m a n u f a c t u r e d  by  TESLACO and a l i n e -  

commutated, 6000-wat t ,  Gemin i  SPC manu fac tu red  by Windworks, I n c .  Numerous 

s i m u l a t i o n s  were made t o  u n d e r s t a n d  what  i m p a c t  v a r i o u s  system pa ramete rs  had 

on i s l a n d i n g .  

o f  l o a d  and w a t t s  and v a r s  o f  g e n e r a t i o n  w i t h i n  a p o s s i b l e  i s l a n d ,  t h e  e f f e c t  

o f  t h e  t y p e  o f  l o a d ,  t h e  e f f e c t  o f  d i s t r i b u t i o n  f e e d e r  c h a r a c t e r i s t i c s  and 

t h e  e f f e c t  o f  s o l a r  i n s o l a t i o n  v a r i a t i o n s  and l o a d  v a r i a t i o n s  d u r i n g  an 

i s l a n d i n g  c o n d i t i o n .  The p a r a m e t e r  f o u n d  t o  have t h e  mos t  s i g n i f i c a n t  i m p a c t  

on run-on t i m e  f o r  b o t h  t h e  TESLACO SPC and t h e  Gemin i  SPC was t h e  mismatch  

Among t h o s e  examined were t h e  mismatch  between w a t t s  and v a r s  

between l o a d  and g e n e r a t i o n .  

Under no c o n d i t i o n s  d i d  t h e  TESLACO SPC e x h i b i t  a s u s t a  ned i s l a n d i n g  

c o n d i t i o n .  I t  a lways  s h u t  down e v e n t u a l l y  a f t e r  t h e  i s  and was d i s c o n n e c t e d  

f r o m  t h e  u t i l i t y .  F o r  c e r t a i n  c o m b i n a t i o n s  o f  l o a d  and g e n e r a t i o n  i n  t h e  

i s l a n d ,  i t  c o u l d  r u n  on f o r  up t o  3.8 seconds b u t  wou ld  a lways  s h u t  down. 

The TESLACO w o u l d  s h u t  down w i t h i n  a p p r o x i m a t e l y  two c y c l e s  i f  t h e  mismatch  

between w a t t s  o f  l o a d  and w a t t s  o f  g e n e r a t i o n  was g r e a t e r  t h a n  a p p r o x i m a t e l y  

40% o f  t h e  r a t i n g  o f  t h e  SPC (1600 w a t t s ) .  I t  w o u l d  s h u t  down w i t h i n  two 

c y c l e s  i f  t h e  mismatch  between v a r s  o f  l o a d  and v a r s  o f  g e n e r a t i o n  was 

g r e a t e r  t h a n  20% o f  t h e  r a t i n g  (800 v a r s ) .  When t h e  mismatches were l e s s  

t h a n  t h e s e ,  t h e  TESLACO w o u l d  r u n  on f r o m  a few c y c l e s  t o  a few seconds.  



The Gemini SPC can r u n  on i n d e f i n i t e l y  f o r  a s p e c i f i c  range o f  l o a d  

c o n d i t i o n s .  I f  t h e  l o a d  w i t h i n  t h e  i s l a n d  s u p p l i e s  60%: o r  more o f  t h e  

p r e - i s l a n d  r e a c t i v e  power r e q u i r e m e n t  o f  t h e  Gemin i ,  and i f  t h e  w a t t s  o f  l o a d  

do n o t  exceed 130% o f  t h e  w a t t s  s u p p l i e d  by t h e  Gemin i ,  t h e n  t h e  SPC w i l l  r u n  

on i n d e f i n i t e l y  ( u n t i l  t h e  l o a d - g e n e r a t i o n  match changes t o  v a l u e s  o u t s i d e  

t h e s e  b o u n d a r i e s ) .  

o f  t h e  l a b o r a t o r y  and f i e l d  t e s t s .  The Gemini must  be i n  t h e  c o n t i n u o u s  

c o n d u c t i o n  mode o f  o p e r a t i o n  f o r  i n d e f i n i t e  i s l a n d i n g  t o  o c c u r .  T h a t  i s ,  t h e  

o u t p u t  o f  t h e  u n i t  must  be g r e a t e r  t h a n  a p p r o x i m a t e l y  35-40% o f  t h e  u n i t ' s  

r a t i n g .  T h i s  boundary  c o n d i t i o n  was n o t  due t o  any p r o t e c t i v e  c i r c u i t .  

Computer s i m u l a t i o n s  i m p l i e d  t h a t  t h i s  boundary  c o n d i t i o n  may have been 

s p e c i f i c  t o  t h e  u n i t  t e s t e d  and may n o t  h o l d  t r u e  i n  g e n e r a l  f o r  a l l  Gemin is .  

W h i l e  i t  i s  f e l t  t h a t  a l l  o f  t h e s e  boundary  c o n d i t i o n s  c o u l d  e x i s t  

s i m u l t a n e o u s l y  w i t h i n  an i s l a n d ,  t h e  p r o b a b i l i t y  o f  t h i s  o c c u r i n g  has n o t  

been de te rm ined .  

One o t h e r  boundary  c o n d i t i o n  was i m p l i e d  by t h e  r e s u l t s  

I f  t h e  l o a d  i s  o u t s i d e  o f  t h e s e  b o u n d a r i e s  when t h e  i s l a n d  i s  formed,  t h e  SPC 

s h u t s  down w i t h i n  f i v e  c y c l e s .  The b o u n d a r i e s  c o u l d  be reduced  c o n s i d e r a b l y  

by t h e  a d d i t i o n  o f  an o v e r v o l t a g e  r e l a y  and an ove r /under  f r e q u e n c y  r e l a y .  

These a r e  f e a t u r e s  w h i c h  t h e  m a n u f a c t u r e r  o f f e r s ,  b u t  t h e  u n i t  t e s t e d  d i d  n o t  

i n c l u d e  them. S i m u l a t i o n s  i n d i c a t e d  t h a t  w i t h  t h e s e  a d d i t i o n s  t h e  mismatch 

i n  w a t t s  o f  l o a d  t o  w a t t s  o f  g e n e r a t i o n  must  be l e s s  t h a n  a p p r o x i m a t e l y  25% 

( a c t u a l  v a l u e  depends on s e t t i n g  o f  o v e r - v o l t a g e  r e l a y )  and t h e  mismatch  i n  

v a r s  o f  l o a d  and t h e  r e a c t i v e  r e q u i r e m e n t  o f  t h e  SPC must  be  l e s s  t h a n  

a p p r o x i m a t e l y  3% ( a c t u a l  v a l u e  depends on s e t t i n g  o f  f r e q u e n c y  r e l a y s )  f o r  

t h e  SPC t o  r u n  on i n d e f i n i t e l y .  The p r o b a b i l i t y  o f  h a v i n g  a v a r  mismatch 

t h i s  Small  s h o u l d  be r e l a t i v e l y  l o w .  

x i v  
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The analysis of potential islands with both a TESLACO and a Gemini did not 

reveal any dynamic interaction between the two that would make one SPC run cn 

longer than it would if it were in an island by itself. In general the watt 

and var mismatch in the potential island with both a TESLACO and a Gemini 

determined how long the TESLACO ran on. When the TESLACO shut down (as it 

always did), the resulting mismatch between load and generation determined if 

the Gemini shut down or ran on indefinitely. Also no dynamic interaction was 

found between multiple TESLACOs within an island or between multiple Geminis 

within an island. 

l o o p  circuit, which allowed 

board containing the phase- 

shut down when disconnected 

Laboratory and field tests were performed that verified the results of the 

computer simulations. No indefinite run on of a properly functioning TESLACO 

was produced. One TESLACO SPC tested had a bad capacitor in the phase-locked 

y. When the circuit 

the TESLACO SPC always 

experience suggests the 

need for manufacturers of SPCs to test the units for islanding as part o f  

their factory testing. The laboratory and field tests verified that a 

Gemini SPC could run on indefinitely for the boundary conditions described 

above. No dynamic interaction between multiple SPCs was seen in the 

laboratory and field tests. 

it to run on indefinite 

ocked loop was replaced 

from the utility. This 

The results of this project indicate that sustained islanding is not a 

concern for utilities if only TESLACO SPCs are within a potential island. 

Sustained islanding is a concern for utilities if Gemini SPCs which do not 

have overvoltage and over/under frequency relays are within a potential 



i s l a n d .  However, t h e  p r o b a b i l i t y  o f  h a v i n g  a s u s t a i n e d  i s l a n d  can be g r e a t l y  

reduced  by h a v i n g  t h e s e  r e l a y s  e i t h e r  i n  t h e  Gemin i  o r  i n  t h e  i n t e r f a c e  

between t h e  u t i l i t y  and t h e  Gemini SPC. I t  i s  recommended t h a t  t h e s e  

p r o t e c t i v e  f e a t u r e s  a lways  be  i n c l u d e d .  

I n  a d d i t i o n  t o  t h e  e x t e n s i v e  a n a l y s e s  pe r fo rmed  f o r  t h e  TESLACO SPC and t h e  

Gemini SPC,  a b r i e f  a n a l y s i s  was made o f  t h e  i s l a n d i n g  p o t e n t i a l  o f  an SPC 

made by Amer ican Power Convers ion  C o r p o r a t i o n  (APCC). Based on a s i m p l i f i e d  

model o f  t h e  SPC,  i t  appears  t h a t  t h e  APCC canno t  be p u t  i n t o  an i n d e f i n i t e  

run-on  c o n d i t i o n .  I f  t h e  n e t  l o a d  w i t h i n  an i s l a n d  i s  r e s i s t i v e  o r  

i n d u c t i v e ,  t h e  APCC w i l l  s h u t  down i m m e d i a t e l y  ( w i t h i n  a c y c l e ) .  I f  t h e  n e t  

l o a d  has an impedance a n g l e  g r e a t e r  t h a n  2' l e a d i n g ,  t h e  SPC w i l l  a l s o  s h u t  

down i m m e d i a t e l y .  I f  t h e  n e t  l o a d  has an a n g l e  between 0' t o  2' l e a d i n g ,  t h e  

u n i t  w i l l  r u n  on f o r  a s h o r t  t i m e  (up  t o  one second i n  t h e  l i m i t e d  amount o f  

s i m u l a t i o n s  made). F u r t h e r  d e t a i l e d  a n a l y s i s  i s  necessa ry  t o  q u a n t i f y  

f u r t h e r  t h e  run-on  p o t e n t i a l  o f  t h e  APCC. 

x v i  



I .  INTRODUCTION 

E l e c t r i c  power u t i l i t i e s  have been concerned  a b o u t  t h e  i m p a c t  o f  p h o t o v o l t a i c  

( P V )  g e n e r a t i o n  on t h e i r  systems [ l -41.  

" i s l a n d i n g , "  o r  t h e  i s o l a t e d  o p e r a t i o n  o f  g r i d - i n t e r c o n n e c t e d  PV systems 

f o l l o w i n g  t h e  u t i l i t y  power i n t e r r u p t i o n  [5-71. 

i n  F i g u r e  1-1, w h i c h  shows a u t i l i t y - i n t e r c o n n e c t e d  r e s i d e n t i a l  P V  system 

d iagram.  Under  normal c o n d i t i o n s  t h e  s t a t i c  power c o n v e r t e r  ( S P C )  c o n v e r t s  

t h e  dc power g e n e r a t e d  b y  t h e  PV a r r a y  t o  ac power s u p p l y i n g  b o t h  l o c a l  and 

remote l o a d s .  If t h e  g e n e r a t i o n  i s  g r e a t e r  t h a n  t h e  l o a d  demand, t h e  

d i f f e r e n c e  i s  f e d  b a c k  t o  t h e  u t i l i t y ;  o t h e r w i s e  t h e  u t i l i t y  s u p p l i e s  t h e  

d i f f e r e n c e .  

o p e r a t i n g  s y n c h r o n i z e d  t o  t h e  u t i l i t y :  

One o f  t h e  m a j o r  i s s u e s  i s  

The p r o b l e m  i s  i l l u s t r a t e d  

B u t  i n  a l l  cases  t h e  f o l l o w i n g  e q u a t i o n  h o l d s  when t h e  SPC i s  

- 
'Genera t ion  - 'Load + ' G r i d  

I f  t h e  u t i l i t y  d e - e n e r g i z e s  i t s  d i s t r i b u t i o n  l i n e  f o r  any r e a s o n  t h e  PGrid 

becomes z e r o  and t h e  g e n e r a t e d  power i s  f o r c e d  t o  b e  equa l  t o  PLoad. 

Depending upon t h e  i n i t i a l  mismatch between t h e  g e n e r a t e d  and l o a d  powers and 

t h e  c o n t r o l  a l g o r i t h m  o f  t h e  S P C ,  t h e  system o p e r a t i n g  v o l t a g e  and f r e q u e n c y  

w i l l  move t o  a new o p e r a t i n g  p o i n t .  The u t i l i t y  wants  t h e  

SPC t o  sense t h e s e  v a r i a t i o n s  and d i s c o n n e c t  i t s e l f  f r o m  t h e  l i n e  r a p i d l y .  

T h i s  r e q u i r e m e n t  i s  necessary  p r i m a r i l y  f o r  t h e  s a f e t y  o f  t h e  l i n e  crew who 

must  r e p a i r  t h e  supposed ly  d i s c o n n e c t e d  l i n e .  F u r t h e r m o r e  t h e  SPC's r e a c t i o n  

t i m e  i s  a l s o  i m p o r t a n t  due t o  t h e  p o s s i b l e  r e c l o s u r e  o f  t h e  u t i l i t y  c i r c u i t  

b r e a k e r .  O p t i m a l l y  t h e  SPC c o n t r o l  and p r o t e c t i o n  l o g i c  must  sense t h e  

1 
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u t i l i t y  power i n t e r r u p t i o n  and t a k e  i t s e l f  o f f  l i n e  b e f o r e  t h e  minumum 

a u t o m a t i c  r e c l o s i n g  t i m e  o f  t h e  u t i l i t y .  

z e r o ,  t h e  o p e r a t i n g  p o i n t  w i l l  n o t  d e v i a t e  much f r o m  i t s  o r i g i n a l  c o n d i t i o n ,  

and i t  w i l l  be  d i f f i c u l t  f o r  t h e  SPC p r o t e c t i o n  c i r c u i t  t o  d e t e c t  any change. 

I f  PGrid i s  i n i t i a l l y  c l o s e  t o  

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  an o r g a n i z e d  t h e o r e t i c a l  and e x p e r i m e n t a l  

i n v e s t i g a t i o n  on t h i s  p o t e n t i a l  p r o b l e m .  

t o  d e v e l o p  a computer  model f o r  r e s i d e n t i a l  g r i d - i n t e r c o n n e c t e d  P V  systems t o  

p r e d i c t  t h e  c o n d i t i o n s  t h a t  l e a d  t o  i s l a n d i n g .  

The o b j e c t i v e  o f  t h e  r e s e a r c h  was 

I n  p r e v i o u s  s t u d i e s ,  h y b r i d  compu te r  s i m u l a t i o n s  were p e r f o r m e d  b y  Purdue 

U n i v e r s i t y  t o  d e m o n s t r a t e  t h e  dynamic b e h a v i o r  o f  t h e  i s o l a t e d  PV systems 

[5 ,6] .  A l s o  s e v e r a l  e x p e r i m e n t s  were p e r f o r m e d  by e l e c t r i c  power u t i l i t i e s  

t h a t  d e m o n s t r a t e d  t h e  i s l a n d i n g  p o t e n t i a l  o f  c o m m e r c i a l l y  a v a i l a b l e  

SPCs [7] .  I n  t h e s e  computer  s i m u l a t i o n s  and e x p e r i m e n t a l  s t u d i e s  o n l y  

g e n e r a l  b e h a v i o r  o f  t h e  i s o l a t e d  systems was c o n s i d e r e d .  No s p e c i a l  e f f o r t  

was made i n  q u a n t i f y i n g  t h e  e f f e c t s  o f  system p a r a m e t e r s .  

I n  t h i s  s t u d y ,  t h e  e f f e c t s  o f  system p a r a m e t e r s  on i s l a n d i n g  were 

i n v e s t i g a t e d  i n  t e r m s  o f  windows; t h a t  i s ,  t h e  system v a r i a b l e  was v a r i e d  

o v e r  a range o f  v a l u e s  and i t s  e f f e c t  on t h e  i s l a n d i n g  pe r fo rmance  o f  t h e  SPC 

was observed.  These windows, t h e  boundary  c o n d i t i o n s  under  w h i c h  i s ?  n d i n g  

o c c u r s ,  were q u a n t i f i e d  by  compu te r  s i m u l a t i o n s .  The computer  s i m u l a t i o n  

r e s u l t s  were f i r s t  v a l i d a t e d  i n  a l a b o r a t o r y ,  t h e n  i n  a f i e l d  e n v i r o n m e n t .  

3 



In the computer simulations and experiments, special emphasis was given to 

the power mismatch between the generation and the load. Both real and 

reactive power mismatches were varied and th ir effects on the duration of 

the island were characterized. T h i s  process was repeated for different load 

types and feeder characteristics so that the r effects on the islanding were 

a1 so understood. 

I n  addition, variations of both load and atmospheric conditions were 

investigated as to their effect on the island. Also, the ability of two or 

more SPCs operating in parallel to sustain an island was addressed. 

For this project two commercially available SPCs were selected for detailed 

modeling and analysis. One was a self-cornmutated unit manufactured by 

TESLACO and the other was a line-commutated unit manufactured by Windworks, 

Inc. The TESLACO was developed under contract to the US Department o f  

Energy. The Windworks unit was developed through private funding. The main 

B, and C deal with the islanding 

D contains a simplified model and a 

a1 for a self-cornmutated SPC 

on Corporation. 

body of this 

potential o f  

brief analys 

manufactured 

report plus appendices A ,  

these two SPCs. Appendix 

s of the islanding potent 

by American Power Convers 
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1.1 D e f i n i t i o n s  

The t e r m i n o l o g y  used i n  c u r r e n t  l i t e r a t u r e  t o  d e s c r i b e  t h e  c o n d i t i o n s  and 

modes o f  PV system i s o l a t e d  o p e r a t i o n  may cause c o n f u s i o n ;  such as " r u n n  ng 

on," " i s l a n d i n g , "  " m u l t i p l e - i s l a n d i n g , "  e t c .  F o r  t h i s  r e p o r t  t h e  f o l l o w  ng 

d e f i n i t i o n s  w i l l  a p p l y .  

" I s o l a t e d  o p e r a t i o n "  o r  more commonly " i s l a n d i n g "  r e f e r s  t o  t h e  c o n d i t i o n  o f  

t h e  PV system d u r i n g  t h e  t i m e  between t h e  l o s s  o f  u t i l i t y  and shut-down o f  

t h e  l a s t  SPC.  

The " run-on t i m e "  i s  d e f i n e d  as t h e  t i m e  e l a p s e d  between t h e  u t i l i t y  power 

i n t e r r u p t i o n  and t h e  shutdown o f  t h e  SPC. 

I f  t h e  i s l a n d i n g  i n v o l v e s  o n l y  one SPC, i t  w i l l  be  r e f e r r e d  t o  as  

" s i n g l e - S P C - i s l a n d i n g . "  I f  t h e r e  i s  more t h a n  one SPC, t h e n  i s l a n d i n g  formed 

due t o  t h e  p a r a l l e l  o p e r a t i o n  w i l l  be c a l l e d  "multiple-SPC-islanding." 

D u r i n g  i s l a n d i n g  t h e  system parameters ,  such as  v o l t a g e  and f r e q u e n c y ,  may 

converge t o  a new o p e r a t i n g  c o n d i t i o n  and t h e  r a t e s  o f  change may become v e r y  

m a l  1 .  " T r a n s i e n t  i s l a n d i n g "  c o v e r s  t h e  b e h a v i o r  o f  t h e  i s o l a t e d  PV system 

d u r i n g  t h e  p e r i o d  between t h e  s t a r t  o f  i s l a n d i n g  and shut-down o f  t h e  l a s t  

S P C ,  o r  t h e  t i m e  t h a t  system p a r a m e t e r s  c o n v e r g e  t o  a new o p e r a t i n g  p o i n t .  

I f  t h e  system p a r a m e t e r s  converge,  " s u s t a i n e d  i s l a n d i n g "  r e f e r s  t o  t h e  

c o n d i t i o n  o f  t h e  i s o l a t e d  PV system u n t i l  t h e  u t i l i t y  b r e a k e r  r e c l o s e s .  
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c 11. ANALYTICAL PREDICTION OF ISLANDING CONDITIONS 

2 . 1  P h o t o v o l t a i c  System M o d e l i n g  

A b l o c k  d i a g r a m  o f  a u t i l i t y - i n t e r c o n n e c t e d  P V  system i s  shown i n  F i g u r e  

2.1-1.  A s  shown i n  t h i s  f i g u r e ,  t h e  PV a r r a y  i s  t h e  dc power source ,  

c o n v e r t i n g  s u n l i g h t  t o  e l e c t r i c i t y .  The dc energy  i s  f e d  t o  t h e  s t a t i c  power 

c o n v e r t e r  ( S P C ) ,  and a f t e r  c o n v e r s i o n  i n t o  t h e  ac fo rm,  i t  i s  i n j e c t e d  i n t o  

t h e  u t i l i t y  g r i d  and i s  s u p p l i e d  t o  t h e  l o a d s .  The r o l e  o f  t h e  S P C  goes 

beyond dc- to -ac  c o n v e r s i o n .  I t  i s  a l s o  r e s p o n s i b l e  f o r  p r o p e r l y  i n t e r f a c i n g  

t h e  P V  a r r a y  t o  t h e  i n v e r t e r ,  and t h e  i n v e r t e r  t o  t h e  u t i l i t y ,  as w e l l  as 

p r o v i d i n g  o v e r a l l  PV power system c o n t r o l  and p r o t e c t i o n  [8-lo]. The c o n t r o l  

u n i t  o f  t h e  SPC d e t e r m i n e s  t h e  PV system per fo rmance and e n s u r e s  c o n v e r s i o n  

o f  d c  power t o  h i g h - q u a l i t y ,  u t i l i t y - c o m p a t i b l e ,  ac power i n  a s a f e ,  r e l i a b l e  

and e f f i c i e n t  manner.  C o m m e r c i a l l y  a v a i l a b l e  SPCs f o r  p h o t o v o l t a i c  

a p p l i c a t i o n s  a r e  b a s i c a l l y  o f  two t y p e s ;  se l f - commuta ted  and 

l ine-commuta ted .  

c h a r a c t e r i s t i c s  o f  t h e s e  two t y p e s  o f  SPCs and t h e y  a r e  d e s c r i b e d  i n  t h e  

l i t e r a t u r e  i n  d e t a i l  [ll-211. These o p e r a t i o n a l  d i f f e r e n c e s ,  however ,  have 

o n l y  a secondary i n f l u e n c e  on t h e  i s l a n d i n g  c h a r a c t e r i s t i c s  o f  S P C s .  

p r i m a r y  i n f l u e n c e  i s  t h e  c o n t r o l  and p r o t e c t i o n  c i r c u i t r y .  

There  a r e  c o n s i d e r a b l e  d i f f e r e n c e s  between t h e  o p e r a t i o n a l  

The 

I n  r e g a r d  t o  t h e  o p e r a t i o n a l  p e r f o r m a n c e  o f  SPCs, i s l a n d i n g  i s  one o f  t h e  

i s s u e s  t h a t  e l e c t r i c  power u t i l i t i e s  must  r e s o l v e  b e f o r e  t h e y  a c c e p t  

l a r g e - s c a l e  p e n e t r a t i o n  o f  p h o t o v o l t a i c  systems i n t o  t h e  u t i l i t y  g r i d .  

c h a r a c t e r i z e  t h e  i s l a n d i n g  o p e r a t i o n  o f  SPCs,  a computer  model o f  

u t i l i t y - i n t e r c o n n e c t e d  p h o t o v o l t a i c  systems was d e v e l o p e d .  

To 
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Th s computer modeling effort was accomplished using the Electromagnetic 

~ransients Program (EMTP) residing at the Southern Company Services computing 

:ilities. This program was originated by Bonneville Power Administration 

t c has been further developed by many utilities, universities, and others 

o -r the years. The program has widespread usage among electric utilities 

t t,h in this country and internationally. It is a very general program with 

k t t i ch  electrical equipment can be modeled using basic elements such as 

I ,istors, capacitors, diodes, and inductors [22] .  

A mentioned before, the utility-interconnected photovoltaic system is 

, mposed of several components such as the photovoltaic array, the static 

power converter, the loads and the utility grid. The model for each 

mponent was developed individually by considering the philosophy of the 

_MTP. Then, the models were combined to characterize the total P V  system. 

The photovoltaic array model was composed of a nonlinear analytical equation 

describing the output current-voltage characteristics o f  the array i n  terms 

of solar radiation, cell temperature, number of series and parallel solar 

cc 1s forming the array, and certain cell parameters. The details of the 

model are presented in Appendix A. 

r)r the S P C  modeling, two commercially available SPC designs were identified 

: ,d their manufacturers were contacted to obtain technical information on the 

ecifics o f  the designs. The first SPC was a self-commutated unit with its 

~eration based on the high frequency link approach. The second SPC was a 

iine-commutated model that used silicon controlled rectifiers ( S C R s )  a s  the 

p<,vJer switching devices. The detailed description o f  the self-cornmutated 

9 



and l i ne -commuta ted  SPC models  a r e  p r e s e n t e d  i n  Appendices B and C ,  

r e s p e c t i v e l y .  The models  i n c l u d e  t h e  power and c o n t r o l  s t a g e s  o f  t h e  SPCs as 

w e l l  as  t h e i r  p r o t e c t i o n  l o g i c  a t  t h e  ac i n t e r f a c e .  The a c t i o n  o f  t h e  

p r o t e c t i o n  d e v i c e s  was s i m u l a t e d  t o  d i s c o n n e c t  t h e  SPC f r o m  t h e  ac  system 

when t h e  system p a r a m e t e r s  such a s  t h e  v o l t a g e  and/or  t h e  f r e q u e n c y  were o u t  

o f  t o l e r a n c e .  

The l o a d s  on t h e  u t i  1 i t y  system i n c l u d e  b o t h  a c t i v e  'and p a s s i v e  t y p e s .  

A c t i v e  t y p e  l o a d s  r e f e r  t o  equipment  such as i n d u c t i o n  m o t o r s  f o r  w h i c h  t h e  

e q u i v a l e n t  model c o n s i d e r s  t h e  e f f e c t  o f  t h e  i n e r t i a  and b a c k  EMF o f  t h e  

m o t o r .  I n  o r d e r  t o  o b t a i n  a r e a l i s t i c  computer  model f o r  an i n d u c t i o n  m o t o r ,  

t e s t s  were p e r f o r m e d  on t h e  l - h p  m o t o r  t h a t  was g o i n g  t o  be  used i n  t h e  l a b  

t e s t  p o r t i o n  o f  t h e  p r o j e c t .  T h i s  was a c a p a c i t o r  s t a r t  m o t o r  w i t h  i t s  

s t a r t i n g  w i n d i n g  c o n n e c t e d  t o  t h e  m i d p o i n t  o f  i t s  s t a t o r  w i n d i n g .  The t e s t s  

p e r f o r m e d  on t h e  m o t o r  i n c l u d e d  a no l o a d  t e s t ,  a l o c k e d  r o t o r  t e s t  w i t h o u t  

t h e  s t a r t i n g  w i n d i n g  connec ted ,  and a l o c k e d  r o t o r  t e s t  w i t h o u t  t h e  s t a r t i n g  

c a p a c i t o r  o r  t h e  ma in  r o t o r  w i n d i n g  connec ted .  Data f r o m  t h e s e  t e s t s  were 

used t o  d e r i v e  t h e  e q u i v a l e n t  c i r c u i t  shown i n  F 'gure 2.1-2.  

P a s s i v e  l o a d s  a r e  t h o s e  w h i c h  do n o t  s u p p l y  v o l t a g e  o r  c u r r e n t  t o  t h e  f e e d e r  

a f t e r  t h e  u t i l i t y  i s  d i s c o n n e c t e d .  These l o a d s  were r e p r e s e n t e d  p r i m a r i l y  by  

r e s i s t a n c e s  and i n d u c t a n c e s .  P a s s i v e  l o a d s  i n c l u d e  such i t e m s  as  

i n c a n d e s c e n t  l i g h t s ,  e l e c t r i c  ranges ,  and w a t e r  h e a t e r s .  

10 
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TI : e lemen ts  o f  t h e  u t i l i t y  g r i d  model i n c l u d e d  t r a n s f o r m e r s ,  d i s t r i b u t i o n  

f e e d e r s  and power f a c t o r  c o r r e c t i o n  c a p a c i t o r  banks .  I n  t h e  model, t h e  

~ r i i l i t y  g r i d  was r e p r e s e n t e d  by a s i n u s o i d a l  v o l t a g e  source  i n  s e r i e s  w i t h  an 

impedance. 

- t f t e r  i n c o r p o r a t i n g  i n d i v i d u a l  models  o f  t h e  P V  system i n t o  t h e  EMTP, 

s i m u l a t i o n s  showing t h e  dynamic b e h a v i o r  o f  t h e  SPCs under  i s l a n d i n g  

c o n d i t i o n s  were  pe r fo rmed .  The r e s u l t s  o f  t h e  s i m u l a t i o n s  a r e  g i v e n  i n  te rms  

o f  t h e  run-on  t i m e s ,  w h i c h  enab le  a f a i r  compar ison  o f  d i f f e r e n t  SPCs i n  

: e m s  o f  t h e i r  i s l a n d i n g  pe r fo rmance .  The d e t a i l s  o f  t h e  s i m u l a t i o n s  a r e  

p a v i d e d  i n  t h e  n e x t  two s e c t i o n s .  
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2 A n a l y t i c a l  R e s u l t s  f o r  a TESLACO Sel f -Commutated S t a t i c  Power C o n v e r t e r  c-. 

le se l f - commuta ted  SPC used i n  t h i s  p r o j e c t  was a s i n g l e  phase,  4-kW u n i t  

, nanu fac tu red  by TESLACO. T h i s  d e v i c e  u t i l i z e s  p u s h - p u l l  buck  c o n v e r t e r  

w i t c h i n g  a t  20 kHz 

3ve .  

t o  c o n v e r t  t h e  dc  i n p u t  i n t o  a f u l l y  r e c t i f i e d  s i n e  

T h i s  s i n e  wave i s  s u b s e q u e n t l y  u n f o l d e d  by a f o u r  t r a n s i s t o r  b r i d g e  t o  

The buck  c o n v e r t e r  i s  c o n t r o l l e d  by an p roduce  60-Hz s ine-wave power o u t p u t .  

i n t e r n a l l y  g e n e r a t e d  r e f e r e n c e  wave, so t h a t  i t s  o u t p u t  i s  e s s e n t i a l l y  an 

a m p l i f i e d  v e r s i o n  o f  t h e  r e f e r e n c e  wave. 

phase- locked  l o o p ,  w h i c h  l o c k s  i t  i n  phase w i t h  t h e  t e r m i n a l  v o l t a g e  o f  t h e  

5 ~ 1 ’ .  The TESLACO SPC o p e r a t e s  a t  a n e a r  u n i t y  power f a c t o r .  

l o u p  a l s o  c o n t a i n s  c o n t r o l  c i r c u i t r y  t h a t  w i l l  d e t e c t  a l o s s - o f - u t i l i t y  

c l  , d i t i o n .  These c i r c u i t s  w i l l  a l l o w  t h e  TESLACO t o  s h u t  i t s e l f  down i f  i t s  

1 t e r n a l  r e f e r e n c e  wave becomes 6 O  o u t  o f  phase w i t h  i t s  t e r m i n a l  v o l t a g e .  

W ,bout t h e  u t i l i t y  connec ted ,  t h e  c o n t r o l  c i r c u i t s  a r e  d e s i g n e d  t o  d r i v e  t h e  

r lse d i f f e r e n c e  between t h e  i n t e r n a l  r e f e r e n c e  wave and t h e  t e r m i n a l  v o l t a g e  

t o  a v a l u e  l a r g e r  t h a n  6’ and t h e r e f o r e  t o  s h u t  down. The r e s u l t s  o f  t h i s  

p r o j e c t  i n d i c a t e  t h a t  t h e s e  c o n t r o l  c i r c u i t s  work  v e r y  w e l l  i n  t h a t  no 

i n d e f i n i t e  run-on  c o n d i t i o n s  were o b t a i n e d  f o r  t h e  TESLACO. I t  a lways  s h u t s  

down w i t h i n  a few seconds a f t e r  d i s c o n n e c t i o n  f r o m  t h e  u t i l i t y .  

The r e f e r e n c e  wave i s  p roduced  by : 

The p h a s e - l o c k L \ l  

A b l o c k  d iag ram model f o r  a TESLACO s t a t i c  power c o n v e r t e r  was o b t a i n e d  f r o m  

Pau l  Krause and A s s o c i a t e s  as  a r e s u l t  o f  t h e i r  w o r k  a t  Purdue U n i v e r s i t y .  

T h i s  model was imp lemented on t h e  E l e c t r o m a g n e t i c  T r a n s i e n t s  Program (EMTP). 



D e t a i l s  o f  t h e  computer  model and t h e  i m p l e m e n t a t i o n  o f  t h e  model on EMTP 

a r e  g i v e n  i n  Appendix  6 .  Many computer  s i m u l a t i o n s  were made t o  d e t e r m i n e  

what  pa ramete rs  a r e  i m p o r t a n t  i n  a s s e s s i n g  t h e  run-on t i m e  o f  t h e  TESLACO 

S P C .  Among t h e  pa ramete rs  i n v e s t i g a t e d  were t h e  mismatch  between l o a d  and 

g e n e r a t i o n  w i t h i n  an i s l a n d ,  t y p e  o f  l o a d ,  d i s t r i b u t i o n  f e e d e r  

c h a r a c t e r i s t i c s ,  t h e  number o f  SPCs w i t h i n  t h e  i s l a n d ,  and l o a d  v a r i a t i o n  

an4 s o l a r  i n s o l a t i o n  v a r i a t i o n  a f t e r  s e p a r a t i o n  f r o m  t h e  u t i l i t y .  

-. E f f e c t  o f  Mismatch Between Load and G e n e r a t i o n  

The most  s i g n i f i c a n t  pa ramete r  f o r  run-on  t i m e s  f o r  t h e  TESLACO i s  t h e  

, I i i smatch  between l o a d  and g e n e r a t i o n .  The g e n e r a l  t r e n d  i s  f o r  s h o r t e r  

run-on  t i m e s  t o  be a s s o c i a t e d  w i t h  l a r g e r  mismatches between l o a d  and 

g e n e r a t i o n .  T a b l e  2 .2 -1  i l l u s t r a t e s  t h i s  t r e n d .  The e f f e c t  o f  a w a t t s  

mismatch  between l o a d  and g e n e r a t i o n  i s  d i f f e r e n t  f r o m  t h e  e f f e c t  o f  a v a r  

mismatch .  When t h e  PV system and l o a d  a r e  d i s c o n n e c t e d  f r o m  t h e  u t i l i t y ,  

t h e  t e r m i n a l  v o l t a g e  o f  t h e  TESLACO changes a l m o s t  i m m e d i a t e l y  t o  a new 

magn i tude ,  wh ich  i s  d e t e r m i n e d  by t h e  amount o f  m ismatch  between w a t t s  

g e n e r a t e d  and t h e  w a t t s  o f  r e s i s t i v e  l o a d  w i t h i n  t h e  i s l a n d .  Fo r  example,  

i f  t h e  r e s i s t i v e  l o a d  i s  10% l e s s  t h a n  t h e  w a t t s  genera ted ,  t h e  v o l t a g e  w i l l  

i n c r e a s e  by a f a c t o r  o f  so t h a t  t h e  w a t t s  consumed by t h e  r e s i s t i v e  

l o a d  w i l l  equa l  t h e  w a t t s  g e n e r a t e d .  The change i n  t e r m i n a l  v o l t a g e  

p roduces  a phase e r r o r  w i t h i n  t h e  phase- locked l o o p  because o f  t h e  response 

o f  t h e  l i n e  f i l t e r .  T h i s  phase e r r o r  i n c r e a s e s  w i t h  t i m e  and e v e n t u a l l y  

r e a c h e s  6 O  a t  w h i c h  t i m e  t h e  u n i t  s h u t s  i t s e l f  down. 
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When t h e r e  i s  a mismatch between v a r s  g e n e r a t e d  and v a r s  consumed by t h e  l o a d  

i i t h i n  an i s l a n d ,  t h e  phase o f  t h e  t e r m i n a l  v o l t a g e  undergoes a change when 

t h e  u t i l i t y  i s  d i s c o n n e c t e d .  The phase change i s  i n  a d i r e c t i o n  t o  t r y  t o  

b a l a n c e  t h e  v a r  g e n e r a t i o n  w i t h  t h e  v a r  l o a d .  The c o n t r o l  c i r c u i t r y  o f  t h e  

TESLACO a c t s  t o  i n c r e a s e  t h i s  phase e r r o r  w i t h  t i m e ,  and e v e n t u a l l y  t h e  e r r o r  

reaches  6' and t h e  u n i t  s h u t s  down. The run-on t i m e s  o f  t h e  TESLACO were 

f o u n d  t o  be much more s e n s i t i v e  t o  mismatches  i n  v a r s  t h a n  t h e y  were t o  

mismatches  i n  w a t t s .  F o r  example,  w i t h  v a r  l o a d  matched t o  v a r s  genera ted ,  a 

r e s i s t i v e  l o a d  t h a t  i s  40% g r e a t e r  o r  l e s s  t h a n  t h e  w a t t s  g e n e r a t e d  w i l l  

c suse  t h e  TESLACO t o  s h u t  down c o n s i s t e n t l y  w i t h i n  one c y c l e  o f  d i s c o n n e c t i o n  

fi-om t h e  u t i l i t y .  F o r  t h e  TESLACO o p e r a t i n g  a t  r a t e d  o u t p u t  o f  4000 w a t t s ,  

t i i i s  amounts t o  a l o a d - t o - g e n e r a t i o n  mismatch  o f  1600 w a t t s .  However, w i t h  

w a t t  l o a d  matched t o  w a t t s  genera ted ,  a v a r  mismatch  o f  o n l y  800 v a r s  w i l l  

c o n s i s t e n t l y  cause t h e  TESLACO t o  s h u t  down w i t h i n  one c y c l e .  T h e r e f o r e ,  t h e  

run -on  t i m e  i s  more s e n s i t i v e  t o  mismatches i n  v a r s  t h a n  i t  i s  t o  mismatches 

i n  w a t t s .  

When t h e  l o a d  and g e n e r a t i o n  w i t h i n  an i s l a n d  have mismatches i n  b o t h  w a t t s  

and v a r s ,  t h e n  some i n t e r e s t i n g  r e s u l t s  can o c c u r .  

e r r o r  p roduced  by t h e  w a t t  m ismatch  can t e n d  t o  c a n c e l  t h e  phase e r r o r  

p roduced  by t h e  v a r  mismatch  and p roduce  a l o n g  run-on t i m e .  

t h e  two phase e r r o r s  t e n d  t o  r e i n f o r c e  each o t h e r  and a s h o r t  run-on  t i m e  i s  

o b t a i n e d .  

e f f e c t  i s  d e s c r i b e d  i n  t h e  n e x t  p a r a g r a p h .  

F o r  some cases  t h e  phase 

Fo r  o t h e r  cases 

F u r t h e r  e x p l a n a t i o n  o f  t h i s  e f f e c t  i s  made a f t e r  t h e  z e r o  c r o s s i n g  

A n o t h e r  e f f e c t  t h a t  was seen i n  t h e  computer  s i m u l a t i o n s  was a v a r i a t i o n  i n  

run -on  t i m e s  depend ing  on w h e t h e r  t h e  s w i t c h  d i s c o n n e c t i n g  t h e  p o t e n t i a l  
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island from the utility opened on a positive-to-negative zero crossing o f  the 

current wave or on a negative-to-positive zero crossing. This phenomenon can 

be understood when there is a net watt mismatch within the island by 

referring to Figures 2.2-1 through 2.2-4. The signals that are compared in 

the phase-locked-loop are the internal reference wave shifted by -90' and a 

filtered version of the terminal voltage. The filter produces a steady-state 

phase shift o f  -90'. These two signals are compared once every cycle at a 

negative-to-positive zero crossing to determine the phase error and to make a 

phase correction i n  the internal reference wave. When the switch opens to 

create the island and there is a net watt mismatch, the voltage in the island 

changes in  a direction to balance the watt load and generation. This voltage 

change is a change in  input to the line filter. The line filter produces a 

dc offset in its output which is the terminal voltage comparison signal. A s  

shown in Figure 2.2-1, for a case with a net flow from the island to the 

sy:tem of -400 watts (load is 400 watts greater than generation), the offset 

is in the positive direction when the current is interrupted on a 

negative-to-positive zero crossing. This results in a small apparent phase 

error at the negative-to-positive zero crossing O F  the signals, which occurs 

270' later (Figure 2.2-2). 

one being checked in order to adjust the internal reference wave, a small 

phase error i s  seen, and the control circuitry eventually drives the phase 

error to 6' and shuts down relatively slowly. 

when the current is interrupted on a positive-to-negative zero crossing as 

shown in  Figures 2.2-3 and 2.2-4. 

direction, and the apparent phase error at the zero crossing of the signals 

that i s  being checked (only 90° later) is larger. Therefore, it takes less 

time for this case to reach 6' phase error and to shut down. 

Since the negative-to-positive crossing is the 

The situation is the cpposite 

The dc offset is in the opposite 

19 
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When t h e  n e t  f l o w  f r o m  t h e  i s l a n d  t o  t h e  system i s  +400 w a t t s ,  t h e  s i t u a t i o n  

i s  j u s t  t h e  o p p o s i t e  f r o m  t h a t  d e s c r i b e d  above. The c u r r e n t  f r o m  t h e  i s l a n d  

t o  t h e  system has t h e  o p p o s i t e  p o l a r i t y  f r o m  t h e  c u r r e n t  i n  t h e  case 

d e s c r i b e d  above. The r e s u l t s  o f  a n e g a t i v e - t o - p o s i t i v e  z e r o  c r o s s i n g  

i n t e r r u p t i o n  a r e  t h e r e f o r e  e q u i v a l e n t  t o  t h e  r e s u l t s  o f  t h e  p o s i t i v e -  

t o - n e g a t i v e  z e r o  c r o s s i n g  i n t e r r u p t i o n  d e s c r i b e d  above. S i m i l a r l y ,  t h e  

r e s u l t s  o f  a p o s i t i v e - t o - n e g a t i v e  z e r o  c r o s s i n g  i n t e r r u p t i o n  a r e  e q u i v a l e n t  

t o  t h e  n e g a t i v e - t o - p o s i t i v e  r e s u l t s  f r o m  t h e  p r e v i o u s  case .  T h i s  e x p l a i n s  

t h e  c o r r e l a t i o n  seen i n  t h e  t a b l e  o f  r e s u l t s  between n e g a t i v e - t o - p o s i t i v e  

run-on t i m e s  f o r  a case w i t h  a c e r t a i n  p e r c e n t a g e  s m a l l e r  l o a d  t h a n  

g e n e r a t i o n  and p o s i t i v e - t o - n e g a t i v e  run-on  t i m e s  f o r  a case w i t h  t h e  same 

p e r c e n t a g e  g r e a t e r  l o a d  t h a n  g e n e r a t i o n .  

Now t h a t  an e x p l a n a t i o n  o f  t h e  z e r o  c r o s s i n g  e f f e c t  has been g i v e n ,  a 

d e s c r i p t i o n  can be g i v e n  o f  what  happens when t h e  n e t  mismatch o f  l o a d  and 

g e n e r a t i o n  w i t h i n  an i s l a n d  c o n s i s t s  o f  b o t h  w a t t s  and v a r s .  A s  s t a t e d  

e a r l i e r ,  f o r  some cases  t h e  e f f e c t s  o f  t h e  w a t t  m ismatch  and t h e  v a r  mismatch 

t e n d  t o  c a n c e l  each o t h e r  and t h e r e b y  produce a l o n g e r  run-on  t i m e .  F o r  

o t h e r  cases  t h e  two e f f e c t s  t e n d  t o  r e i n f o r c e  each o t h e r  and a s h o r t e r  run-on 

t i m e  i s  p roduced.  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  2 .2 -5 ,  w h i c h  shows t h e  

run-on t i m e s  f o r  a s e r i e s  o f  cases i n  w h i c h  t h e  n e t  w a t t s  o u t  t o  t h e  system 

were h e l d  c o n s t a n t  a t  -400 w a t t s .  The n e t  v a r  mismatch was v a r i e d  f r o m  -40 

t o  40 v a r s .  F o r  n e g a t i v e - t o - p o s i t i v e  z e r o  c r o s s i n g  i n t e r r u p t i o n s ,  t h e  e f f e c t  

o f  a p o s i t i v e  v a r  mismatch  o f  a p p r o x i m a t e l y  8 v a r s  p roduced  t h e  l o n g e s t  

run-on t i m e .  A s  shown p r e v i o u s l y  i n  F i g u r e  2.2-2,  t h e  phase e r r o r  p roduced  

by a n e g a t i v e - t o - p o s i t i v e  z e r o  c r o s s i n g  i n t e r r u p t i o n  i n  a case w i t h  a -400 

w a t t s  mismatch i s  i n  a n e g a t i v e  d i r e c t i o n  ( r e f e r e n c e  wave l a g s  t h e  t e r m i n a l  
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v o l t a g e ) .  When an i s l a n d  i s  c r e a t e d  t h a t  has a n e t  v a r  mismatch,  t h e  

t e r m i n a l  v o l t a g e  o f  t h e  TESLACO changes phase i n  a d i r e c t i o n  t o  e l i m i n a t e  t h e  

mismatch.  The o u t p u t  impedance o f  t h e  TESLACO i s  e s s e n t i a l l y  a 12-ohm 

r e s i s t o r .  To p roduce v a r s  t h e  phase a n g l e  o f  t h e  t e r m i n a l  v o l t a g e  must s h i f t  

i t s  phase a n g l e  ahead o f  t h e  i n t e r n a l  r e f e r e n c e  v o l t a g e .  C o n v e r s e l y ,  t o  

reduce v a r  o u t p u t  t h e  t e r m i n a l  v o l t a g e  must  s h i f t  i t s  phase a n g l e  back  

r e l a t i v e  t o  t h e  r e f e r e n c e  wave. T h e r e f o r e ,  when t h e  v a r  mismatch  i s  8 v a r s  

p o s i t i v e ,  t h e  t e r m i n a l  v o l t a g e  must  s h i f t  back  r e l a t i v e  t o  t h e  r e f e r e n c e  

wave. T h i s  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  s h i f t  caused by t h e  -400 

w a t t s  mismatch,  and t h e  two e f f e c t s  cance l  t o  p roduce a r e l a t i v e l y  l o n g  

run-on t i m e .  

For  a p o s i t i v e - t o - n e g a t i v e  z e r o  c r o s s i n g  i n t e r r u p t i o n ,  t h e  l o n g e s t  run-on 

t i m e  o c c u r r e d  f o r  a v a r  mismatch  o f  -25 v a r s .  T h i s  can be  u n d e r s t o o d  by 

r e a l i z i n g  t h a t  f o r  a -400 w a t t  m ismatch  case,  a p o s i t i v e - t o - n e g a t i v e  z e r o  

c r o s s i n g  i n t e r r u p t i o n  p roduced  an i n i t i a l  phase e r r o r  o p p o s i t e  t o  t h a t  

p roduced by a n e g a t i v e - t o - p o s i t i v e  i n t e r r u p t i o n  and l a r g e r  i n  magn i tude .  To 

cance l  t h i s  phase e r r o r ,  t h e  v a r  mismatch  must  be  n e g a t i v e  and l a r g e r  i n  

magn i tude .  Thus, t h e  l o n g e s t  run-on  was o b t a i n e d  f o r  a v a r  mismatch  o f  -25. 

When t h e  w a t t s  mismatch  i s  +400 i n s t e a d  o f  -400 w a t t s ,  t h e  c u r v e s  wou ld  be 

v e r y  s i m i l a r  t o  F i g u r e  2.2-5 i f  t h e  l a b e l s  n e g a t i v e - t o - p o s i t i v e  and 

p o s i t i v e - t o - n e g a t i v e  a r e  swapped. A l l  t h e  p r e v i o u s  d i s c u s s i o n  wou ld  a l s o  be 

a p p l i c a b l e  w i t h  t h e  two z e r o  c r o s s i n g  i n t e r r u p t i o n s  swapped. 
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E f f e c t  o f  D i s t r i b u t i o n  Feeder  C h a r a c t e r i s t i c s  

A s e r i e s  o f  computer  s i m u l a t i o n s  was r u n  t o  d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  t h e  

c h a r a c t e r i s t i c s  o f  a d i s t r i b u t i o n  f e e d e r  t h a t  m i g h t  be i n c l u d e d  i n  a 

p o t e n t i a l  i s l a n d .  These s i m u l a t i o n s  i n c l u d e d  a TESLACO s t a t i c  power 

c o n v e r t e r ,  7200-240/120 v o l t  t r a n s f o r m e r s ,  d i s t r i b u t i o n  f e e d e r s ,  and l o a d s  as  

shown i n  F i g u r e  2 .2 -6 .  F o r  t h e s e  s i m u l a t i o n s  t h e  l o a d s  were p r i m a r i l y  

r e s i s t i v e .  Three d i f f e r e n t  d i s t r i b u t i o n  f e e d e r  c o n f i g u r a t i o n s  were 

s i m u l a t e d .  These a r e  shown i n  F i g u r e  2 . 2 - 7 .  These c o n f i g u r a t i o n s  were some 

t h a t  were f o u n d  on t h e  12-kV d i s t r i b u t i o n  f e e d e r  t o  w h i c h  t h e  Alabama S o l a r  

Energy  C e n t e r  i s  connec ted .  

o f  impedances f o r  t h e  f e e d e r .  

s i m u l a t i o n s .  The f e e d e r  c h a r a c t e r i s t i c s  made v i r t u a l l y  no d i f f e r e n c e  i n  t h e  

run-on t i m e s .  T h i s  r e s u l t  i s  r e a s o n a b l e  when t h e  impedance o f  t h e  f e e d e r  i s  

compared t o  t h e  impedances o f  t h e  t r a n s f o r m e r s  and t h e  l o a d .  The f e e d e r  

impedance i s  i n s i g n i f i c a n t .  The o n l y  i n f l u e n c e  t h a t  t h e  f e e d e r  w i l l  have on 

run-on t i m e s  i s  t h r o u g h  t h e  amount o f  c a p a c i t a n c e  t o  g round  t h a t  i t  has .  A s  

f a r  a s  run-on  t i m e s  a r e  concerned ,  a f e e d e r  can be t r e a t e d  as a lumped 

c a p a c i t o r .  I t s  i n f l u e n c e  w i l l  t h e n  be how much i t  c o n t r i b u t e s  t o  t h e  v a r  

mismatch  between l o a d  and g e n e r a t i o n  w i t h i n  a p o t e n t i a l  i s l a n d .  

The c o n d u c t o r  s i z e s  were chosen t o  g i v e  a range  

T a b l e  2.2-2 g i v e s  t h e  r e s u l t s  o f  t h e s e  

E f f e c t  o f  Type o f  Load 

The e f f e c t  o f  t h e  t y p e  o f  l o a d  on t h e  run-on t i m e s  o f  t h e  TESLACO s t a t i c  

power c o n v e r t e r  was i n v e s t i g a t e d  by computer  s i m u l a t i o n .  F o r  p a s s i v e  l o a d s  

( c o n s t a n t  impedance t y p e ) ,  t h i s  e f f e c t  was f o u n d  t o  be n o t  v e r y  s i g n i f i c a n t  
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FIGURE 2 . 2 - 7  D I S T R I B U T I O N  FEEDER C O N F 1 6 U R A T I O N  
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( A )  L O A D  FOR CASE I A l X  

I B )  L O A D  FOR CASE I C 1  

FIGURE 2 . 2 - 8  COMPARISON OF TWO DIFFERENT T Y P E S  OF L O A D  
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S e v e r a l  cases were r u n  i n  w h i c h  t h e  n e t  w a t t  and v a r  o u t p u t  f r o m  t h e  i s l a n d  

was t h e  same b u t  t h e  make-up o f  t h e  l o a d  was d i f f e r e n t .  The run-on t i m e s  f o r  

t h e s e  cases were n o t  v e r y  d i f f e r e n t .  

I A l X  and I C 1 ,  IA2X and IC2,  IA3X and IC3 i n  T a b l e  2.2-1.  Fo r  t h e  s e r i e s  o f  

cases  d e s i g n a t e d  X ,  t h e  l o a d  was t h e  c o m b i n a t i o n  o f  R ,  L, and C shown i n  

F i g u r e  2 .2 -8a .  T h i s  l o a d  was p r i m a r i l y  r e s i s t i v e  and had o n l y  s m a l l  amounts 

o f  i n d u c t a n c e  and c a p a c i t a n c e .  The l o a d  i n  t h e  C - s e r i e s  o f  cases was as 

shown i n  F i g u r e  2.2-8b. The R L - s e r i e s  l o a d  was r e p r e s e n t a t i v e  o f  t h e  l o a d  

impedance o f  a 1-hp m o t o r .  The R- and C-shunt  e lements  were a d j u s t e d  t o  g i v e  

t h e  same n e t  w a t t s  and v a r s  o f  l o a d  as  were used i n  t h e  X - s e r i e s  o f  cases .  

The C-se r ies  o f  cases had a much l a r g e r  t o t a l  o f  c a p a c i t a n c e  t h a n  t h e  

X-cases. However, t h e  run-on  t i m e s  o b t a i n e d  f o r  comparable cases were v e r y  

s i m i l a r .  

T h i s  can be seen by compar ing  cases 

When an i n d u c t i o n  mo to r  i s  a p a r t  o f  t h e  l o a d ,  t h e  run-on t i m e s  f o r  a 

s p e c i f i c  w a t t  and v a r  mismatch can be d i f f e r e n t  f r o m  t h e  run-on t i m e  when t h e  

l o a d  i s  a c o n s t a n t  impedance t y p e  w i t h  t h e  same w a t t  and v a r  mismatch .  When 

t h e  w a t t  and v a r  mismatch i s  n e a r  z e r o ,  t h e  two t y p e s  o f  l o a d s  have v i r t u a l l y  

t h e  same run-on t i m e s .  F o r  t h i s  t y p e  case t h e  v o l t a g e  does n o t  change when 

t h e  i s l a n d  i s  c r e a t e d .  I f  t h e  v o l t a g e  does n o t  change t h e  mo to r  a c t s  l i k e  a 

c o n s t a n t  impedance, and t h e r e f o r e  t h e  two cases have s i m i l a r  run-on  t i m e s .  

When t h e r e  i s  a w a t t  mismatch w i t h i n  t h e  i s l a n d ,  t h e  v o l t a g e  changes when t h e  

i s l a n d  i s  c r e a t e d .  T h i s  causes t h e  power f a c t o r  o f  t h e  mo to r  t o  change and 

t h u s  t h e  a p p a r e n t  impedance o f  t h e  mo to r  t o  change. 

run-on  t i m e s  w i l l  be d i f f e r e n t .  

T h e r e f o r e ,  t h e  two 
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The d i f f e r e n t  run-on  t i m e  f o r  t h e  case w i t h  mo to r  l o a d  can s t i l l  be ana lyzed  

i n  te rms  o f  w a t t  and v a r  mismatch .  The key t o  t h i s  i s  knowing how t h e  w a t t s  

and v a r s  t a k e n  by  an i n d u c t i o n  mo to r  change as t h e  v o l t a g e  i s  changed. 

F i g u r e  2.2-9 shows t h i s  r e l a t i o n s h i p ,  wh ich  was d e t e r m i n e d  u s i n g  t h e  EMTP 

i n d u c t i o n  mo to r  mode l .  

c o n s t a n t .  The v a r s  t a k e n  by t h e  mo to r  i n c r e a s e  as t h e  v o l t a g e  i n c r e a s e s ,  b u t  

do n o t  i n c r e a s e  as much as t h e  square o f  t h e  v o l t a g e .  The v a r s  p roduced by  

c a p a c i t a n c e  w i t h i n  t h e  i s l a n d  i n c r e a s e  i n  p r o p o r t i o n  t o  t h e  square  o f  t h e  

v o l t a g e .  Thus, i f  t h e  i n i t i a l  v o l t a g e  change when t h e  i s l a n d  i s  c r e a t e d  i s  

p o s i t i v e ,  t h e  i n i t i a l  v a r  mismatch becomes l a r g e r .  Compare cases  IC2 and ID2  

and cases  IC3 and ID3 i n  T a b l e  2 .2 -1 .  The d i f f e r e n c e  i n  t h e  cases i s  t h a t  

cases ID2  and ID3 have a 1-hp i n d u c t i o n  mo to r  modeled,  and cases  IC2 and IC3 

have an RL-se r ies  impedance t h a t  t a k e s  t h e  same amount o f  w a t t s  and v a r s  (912 

w a t t s  and 1151 v a r s )  as  t h e  1-hp mo to r  does a t  normal  v o l t a g e .  Cases IC2 and 

ID2  i n i t i a l l y  have 400 w a t t s  l e s s  l o a d  t h a n  g e n e r a t i o n  and have v a r  l o a d s  

b a l a n c e d  w i t h  v a r  g e n e r a t i o n .  When t h e  i s l a n d  i s  c r e a t e d  t h e  v o l t a g e  r i s e s  

so t h a t  t h e  w a t t s  o f  t h e  l o a d  w i l l  match t h e  w a t t s  o f  g e n e r a t i o n .  S ince  t h e  

w a t t s  t a k e n  by t h e  m o t o r  i n  case ID3 change v e r y  l i t t l e  w i t h  v o l t a g e  and t h e  

w a t t s  t a k e n  by t h e  c o n s t a n t  impedance r e p r e s e n t i n g  a mo to r  i n  case IC2 change 

w i t h  t h e  square  o f  t h e  v o l t a g e ,  t h e  v o l t a g e  i n  t h e  i s l a n d  r i s e s  somewhat 

h i g h e r  i n  case I D 2  t h a n  i t  does i n  IC2 .  The v a r  l o a d  and v a r  g e n e r a t i o n  (due 

t o  c a p a c i t a n c e )  b o t h  change as t h e  square o f  t h e  v o l t a g e  i n  case I C 2  so t h a t  

t h e  v a r  mismatch rema ins  a p p r o x i m a t e l y  z e r o .  However, i n  case ID2 t h e  v a r s  

r e q u i r e d  by t h e  m o t o r  do n o t  i n c r e a s e  as much as t h e  v a r s  g e n e r a t e d  by t h e  

c a p a c i t a n c e .  T h e r e f o r e ,  a p o s i t i v e  v a r  mismatch i s  c r e a t e d .  Case ID2  i s  

e f f e c t i v e l y  l i k e  mov ing  a s h o r t  d i s t a n c e  t o  t h e  r i g h t  away f r o m  t h e  z e r o  v a r  

The power t a k e n  by t h e  m o t o r  rema ins  r e l a t i v e l y  
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l i n e  i n  F i g u r e  2.2-5.  The d i f f e r e n c e  between run-on t i m e s  f o r  

p o s i t i v e - t o - n e g a t i v e  and n e g a t i v e - t o - p o s i t i v e  z e r o  c r o s s i n g  i n t e r r u p t i o n s  

t e n d s  t o  i n c r e a s e .  T h i s  i s  what  y o u  see when compar ing  case I D 2  t o  IC2 ;  t h e  

d i f f e r e n c e  i n  run-on t i m e s  f o r  p o s i t i v e - t o - n e g a t i v e  and n e g a t i v e - t o - p o s i t i v e  

i n t e r r u p t i o n s  i s  g r e a t e r .  

Cases IC3 and ID3 i n i t i a l l y  have a l o a d  400 w a t t s  more t h a n  g e n e r a t i o n  and 

have v a r  l o a d  ba lanced  t o  g e n e r a t i o n .  When t h e  i s l a n d  i s  c r e a t e d ,  t h e  

v o l t a g e  must  dec rease .  Reasoning s i m i l a r  t o  t h a t  g i v e n  above l e a d s  t o  t h e  

c o n c l u s i o n  t h a t  case ID3  w inds  up w i t h  a n e g a t i v e  v a r  mismatch  and i s  

e f f e c t i v e l y  l i k e  mov ng a s h o r t  d i s t a n c e  t o  t h e  l e f t  away f r o m  t h e  z e r o  v a r  

l i n e  i n  F i g u r e  2.2-5 T h i s  t e n d s  t o  dec rease  t h e  d i f f e r e n c e  between 

n e g a t i v e - t o - p o s i t i v e  and p o s i t i v e - t o - n e g a t i v e  run-on  t i m e s .  

A n o t h e r  e f f e c t  o f  h a v i n g  an i n d u c t i o n  m o t o r  as p a r t  o f  t h e  l o a d  was n o t e d .  

I n c r e a s i n g  t h e  amount o f  i n e r t i a  o f  t h e  m o t o r  g e n e r a l l y  t ended  t o  i n c r e a s e  

t h e  run-on t i m e  o f  t h e  TESLACO. The s i m u l a t i o n s  made t o  s t u d y  t h i s  e f f e c t  

a r e  summarized i n  T a b l e  2.2-3.  The o n l y  d i f f e r e n c e  between t h e  f o u r  

s i m u l a t i o n s  g i v e n  i n  t h e  t a b l e  was i n  t h e  amount o f  i n e r t i a  r e p r e s e n t e d  f o r  

t h e  m o t o r .  I t  appears  t h a t  i n c r e a s i n g  t h e  i n e r t i a  o f  t h e  m o t o r  a l l o w e d  t h e  

m o t o r  t o  h o l d  i t s  t e r m i n a l  v o l t a g e  (and  t h a t  o f  t h e  TESLACO) more c o n s t a n t  i n  

magn i tude  and phase. 

phase- locked  l o o p  o f  t h e  TESLACO and r e s u l t e d  i n  a l o n g e r  run-on  t i m e .  The 

t r e n d  o f  i n c r e a s i n g  run-on t i m e  f o r  i n c r e a s i n g  i n e r t i a  d i d  n o t  a lways  h o l d .  

Go ing  f r o m  t h r e e  t i m e s  t h e  base case i n e r t i a  ( case  ID12X) t o  s i x  t i m e s  t h e  

base case i n e r t i a  ( case  ID12Y) r e s u l t e d  i n  a p p r o x i m a t e l y  t h e  same run-on 

t i m e .  I t  i s  n o t  known why t h i s  o c c u r r e d .  

T h i s  r e d u c e d  t h e  phase e r r o r  i n i t i a l l y  d e t e c t e d  i n  t h e  
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.- E f f e c t  o f  t h e  Number o f  SPCs i n  t h e  I s l a n d  

S e v e r a l  computer  s i m u l a t i o n s  were made w i t h  two TESLACOs w i t h i n  an i s l a n d  and 

one was made w i t h  f o u r  TESLACOs w i t h i n  an i s l a n d .  The r e s u l t s  o f  t h e s e  

s i m u l a t i o n s  a r e  g i v e n  i n  T a b l e  2 .2 -4 .  

maximum o u t p u t  (4000 w a t t s ) ,  and w i t h  t h e  l o a d  t w i c e  what  i t  was i n  t h e  

s i n g l e  TESLACO cases ,  run-on t i m e s  were o b t a i n e d  i n  t h e  two TESLACO cases  

t h a t  were v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  i n  t h e  c o r r e s p o n d i n g  s i n g l e  TESLACO 

cases .  F o r  example, compare cases  I B 1 ,  I B 2  and I B 3  i n  T a b l e  2.2-2 w i t h  I I B 1 ,  

I I B 2  and I I B 3  i n  T a b l e  2.2-4.  I n  t h e  I I B  s e r i e s  t h e  two  TESLACOs were 

l o c a t e d  1000 f e e t  a p a r t  on t h e  same f e e d e r  t h a t  was used i n  t h e  I B  s e r i e s .  

The l o a d s  i n  t h e  I I B  s e r i e s  were a p p r o x i m a t e l y  d o u b l e  but  were a d j u s t e d  

s l i g h t l y  t o  make t h e  o v e r a l l  w a t t  and v a r  mismatch  t w  c e  t h a t  f o r  t h e  I B  

s e r i e s .  The run-on t i m e s  f o r  t h e s e  cases  were v i r t u a  l y  t h e  same. 

W i t h  each o f  t h e  TESLACOs p r o d u c i n g  

A l s o  shown i n  T a b l e  2 .2 -4  i s  a s e r i e s  o f  cases  f o r  which t h e  two TESLACOs 

were s e p a r a t e d  by 3000 f e e t  o f  d i s t r i b u t i o n  f e e d e r .  One o f  t h e  u n i t s  was 

p r o d u c i n g  4000 w a t t s  and t h e  o t h e r  was p r o d u c i n g  2000 w a t t s .  A l l  t h e  l o a d  

f o r  t h i s  s e r i e s  was l o c a t e d  a t  t h e  end o f  t h e  f e e d e r  w i t h  t h e  TESLACO t h a t  

was p r o d u c i n g  2000 w a t t s .  T h i s  i n s u r e d  t h a t  t h e r e  w o u l d  be  a g r e a t  d e a l  o f  

power f l o w i n g  on t h e  f e e d e r  f o r  t h i s  s e r i e s  o f  cases .  I n  case I I F l  and I I F 2 ,  

w i t h  l o a d  w a t t s  and v a r s  matched t o  g e n e r a t e d  w a t t s  and v a r s ,  t h e  run-on  

t i m e s  were a p p r o x i m a t e l y  1 . 6  seconds.  T h i s  was v e r y  s i m i l a r  t o  t h e  run-on 

t i m e s  f o r  a s i n g l e  TESLACO b a l a n c e d  case .  The run-on t i m e s  f o r  t h e  10% and 

20% l o a d  mismatched cases  were  a l s o  f a i r l y  s i m i l a r .  F o r  a l l  o f  t h e s e  cases ,  

when one TESLACO reached  a 6' phase e r r o r  and s h u t  down, t h e  l o a d - g e n e r a t i o n  

mismatch  f o r  t h e  o t h e r  became so g r e a t  t h a t  i t  s h u t  down o n l y  a h a l f - c y c l e  

1 a t e r .  
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-- 

F o r  t h e  case w i t h  f o u r  TESLACOs w i t h i n  t h e  i s l a n d ,  t h e  system was modeled as 

shown i n  F i g u r e  2.2-10. The o n l y  s i m u l a t i o n  made f o r  t h i s  s i t u a t i o n  was f o r  

l o a d  w a t t s  and v a r s  matched t o  g e n e r a t e d  w a t t s  and v a r s .  T h i s  case gave a 

run -on  t i m e  o f  1 . 3  seconds.  It appears  t h a t  a d d i n g  more TESLACOs i n  t h e  

i s l a n d  does - n o t  t e n d  t o  s t a b i l i z e  t h e  i s l a n d  and keep i t  e n e r g i z e d  l o n g e r .  A 

m u l t i p l e  TESLACO i s l a n d  behaves much t h e  same as a s i n g l e  TESLACO i s l a n d .  
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- E f f e c t  o f  Load V a r i a t i o n  and S o l a r  I n s o l a t i o n  V a r i a t i o n  

Most  o f  t h e  computer  s i m u l a t i o n s  were made w i t h  c o n s t a n t  l o a d s  and c o n s t a n t  

s o l a r  i n s o l a t i o n .  I n  a r e a l i s t i c  system t h e s e  two pa ramete rs  can v a r y  d u r i n g  

t h e  d u r a t i o n  o f  an i s l a n d .  The most  p r o b a b l e  e f f e c t  o f  h a v i n g  v a r i a b l e  l o a d s  

and s o l a r  i n s o l a t i o n  i s  t o  reduce  t h e  run-on t i m e .  I t  i s  p o s s i b l e ,  however, 

f o r  t h e  changes t o  i n c r e a s e  t h e  run -on  t i m e .  

b r i e f l y  and t h e  r e s u l t s  a r e  summarized i n  T a b l e  2.2-5.  

These e f f e c t s  were  s t u d i e d  

When an i s l a n d  i s  c r e a t e d ,  t h e  phase e r r o r  between a TESLACOs i n t e r n a l  

r e f e r e n c e  wave and i t s  t e r m i n a l  v o l t a g e  e v e n t u a l l y  i n c r e a s e s  t o  6 deg rees ,  

and t h e n  t h e  d e v i c e  s h u t s  i t s e l f  down. There  can be  a t r a n s i e n t  p e r i o d  f o r  a 

few c y c l e s  a f t e r  t h e  i s l a n d  i s  c r e a t e d  i n  w h i c h  t h e  phase e r r o r  t a k e s  a jump 

and t h e n  decreases .  A f t e r  t h i s  p e r i o d  t h e  phase e r r o r  s t e a d i l y  i n c r e a s e s  i n  

magn i tude .  I f  a change i n  l o a d  o r  i n  s o l a r  i n s o l a t i o n  causes  a phase s h i f t  

t h a t  i s  o p p o s i t e  t o  t h i s  e r r o r ,  t h e n  a l o n g e r  run-on t i m e  can  be a c h i e v e d .  

I n  case I A 2 X I  a dec rease  i n  s o l a r  i n s o l a t i o n  p roduced  a run -on  t i m e  t h a t  was 

. 3 4  seconds l o n g e r  t h a n  i t  w o u l d  have been w i t h o u t  t h e  dec rease .  T h i s  case 

i n i t i a l l y  had a p p r o x i m a t e l y  400 w a t t s  more g e n e r a t i o n  t h a n  l o a d .  The 

r e d u c t i o n  i n  s o l a r  i n s o l a t i o n  f r o m  100 mW/cm2 t o  90 mW/cm2 reduced  t h e  o u t p u t  

o f  t h e  TESLACO by abou t  400 w a t t s ,  t h e r e b y  a c h i e v i n g  more o f  a b a l a n c e  

between l o a d  and g e n e r a t i o n .  T h i s  had t h e  e f f e c t  o f  r e d u c i n g  t h e  phase e r r o r  

and d e l a y i n g  t h e  i n e v i t a b l e  shutdown by a s h o r t  t i m e .  

A s t e p  change o f  w a t t s  l o a d  can cause a d i f f e r e n t  phase s h i f t  depend ing  on 

t h e  t i m e  d u r i n g  a c y c l e  t h a t  t h e  change o c c u r s .  Cases I A l X L 2  t o  IA lXL2C i n  

T a b l e  2.2-5 i l l u s t r a t e  t h i s  e f f e c t .  The o n l y  d i f f e r e n c e  among t h e  cases i s  

4 1  
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t h e  t i m e  a t  w h i c h  t h e  200-wat t  r e d u c t i o n  i n  l o a d  t o o k  p l a c e .  F o r  Case IA2XL2 

t h e  run-on t i m e  was i n c r e a s e d  by .7 seconds o v e r  t h e  case w i t h  no l o a d  

change. I t  i s  t h e o r e t i c a l l y  p o s s i b l e  t o  have a s e r i e s  o f  l o a d  changes o r  

s o l a r  i n s o l a t i o n  changes each o f  w h i c h  w i l l  m o m e n t a r i l y  reduce  t h e  phase 

e r r o r  and d e l a y  t h e  e v e n t u a l  shutdown o f  t h e  TESLACO. I n  t h i s  f a s h i o n ,  much 

l o n g e r  run-on  t i m e s  c o u l d  p o s s i b l y  be a c h i e v e d .  I n  o r d e r  f o r  t h i s  t o  happen, 

t h e  l o a d  o r  i n s o l a t i o n  changes must  be o f  a p p r o p r i a t e  magn i tude  and o c c u r  

o n l y  a t  c e r t a i n  t i m e s  d u r i n g  a 60-Hz c y c l e .  I t  i s  v e r y  u n l i k e l y  t h a t  l o a d  

changes on a u t i l i t y  system o r  s o l a r  i n s o l a t i o n  changes wou ld  cause an i s l a n d  

t o  p e r s i s t  f o r  more t h a n  a second l o n g e r  t h a n  i t  w o u l d  have i n  t h e  f i r s t  

p l a c e .  



Unfolder E r ro r s  

Several  of t h e  computer s imula t ions  r e s u l t e d  in what has been termed unfo lder  

e r r o r s .  This  i s  a condi t ion  in  which t h e  unfo lder  c i r c u i t r y  does n o t  

func t ion  proper ly  and t h e  o u t p u t  of t h e  TESLACO i s  a r e c t i f i e d  s i n e  wave. 

This phenomenon had been seen before  in  a prev ious  s imula t ion  o f  a TESLACO 

SPC [ 6 ] .  For t h e  unfo lder  c i r c u i t r y  t o  work p rope r ly ,  zero  c r o s s i n g s  of the 

terminal  vo l tage  of t h e  TESLACO must be d e t e c t e d .  When t h e  SPC i s  connected 

t o  a u t i l i t y  t h e r e  wi l l  always be zero  c r o s s i n g s  and t h e  unfo lder  c i r c u i t r y  

w i l l  work p rope r ly .  However, when t h e  TESLACO i s  in  an i s l and ing  condi t ion  

the  te rmina l  vo l t age  does not always c r o s s  ze ro .  

As expla ined  in Appendix B, t h e  i n t e r n a l  r e fe rence  wave of t h e  TESLACO i s  a 

f u l l y  r e c t i f i e d  s i n e  wave. When in  an i s l a n d i n g  mode, t h e  load wi th in  t h e  

i s l a n d  determines the  phase angle  of t h e  terminal  vo l t age  with r e spec t  t o  t h e  

r e fe rence  wave. I f  t h e  terminal  vo l t age  l eads  t h e  r e fe rence  wave, i t  w i l l  

c r o s s  zero  p r i o r  t o  the r e fe rence  w a v e ' s  reaching zero  and beginning t o  

i n c r e a s e  aga in .  Thus, a zero  c r o s s i n g  in t h e  terminal  vo l t age  w i l l  always 

occur .  However, i f  t h e  terminal  vo l t age  l a g s  behind t h e  r e fe rence  wave, t h e  

r e fe rence  wave w i l l  decrease  t o  zero  and begin t o  inc rease  p r i o r  t o  the  

terminal  v o l t a g e ' s  c ros s ing  ze ro .  When the  r e fe rence  wave reaches  zero and 

begins  t o  i n c r e a s e ,  i t  produces a t r a n s i e n t ,  which propagates  through t h e  

TESLACO.  This  t r a n s i e n t  w i l l  sometimes f o r c e  t h e  terminal  vo l t age  away from 

ze ro ,  thereby  prevent ing  a zero  c r o s s i n g  and the r e s u l t a n t  a c t i o n  of t h e  

un fo lde r .  
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.c Two a d j u s t m e n t s  were f o u n d  t h a t  c o u l d  be made t o  t h e  l o a d  i n  o r d e r  t o  

e l i m i n a t e  t h e  u n f o l d e r  e r r o r s .  One a d j u s t m e n t  i s  t o  make t h e  l o a d  more 

i n d u c t i v e .  T h i s  t e n d s  t o  advance t h e  phase o f  t h e  t e r m i n a l  v o l t a g e  w i t h  

r e s p e c t  t o  t h e  r e f e r e n c e  wave and t h e r e f o r e  t o  a l l o w  z e r o  c r o s s i n g s  t o  

o c c u r .  A second a d j u s t m e n t  i s  t o  i n c r e a s e  t h e  c a p a c i t a n c e  i n  t h e  l o a d .  More 

c a p a c i t a n c e  i n  t h e  l o a d  t e n d s  t o  s low  t h e  response  o f  t h e  c i r c u i t  t o  t h e  

t r a n s i e n t  t h a t  i s  p roduced  when t h e  r e f e r e n c e  wave s t o p s  d e c r e a s i n g  and 

b e g i n s  t o  i n c r e a s e .  

c ross  z e r o .  F o r  t h e  s i m u l a t i o n s  t h a t  r e s u l t e d  i n  u n f o l d e r  e r r o r s  

c a p a c i t a n c e  and i n d u c t a n c e  were added t o  t h e  l o a d  so t h a t  t h e  n e t  v a r s  o f  t h e  

l o a d  were unchanged. 

u n f o l d e r  e r r o r s .  

T h i s  has t h e  e f f e c t  o f  a l l o w i n g  t h e  t e r m i n a l  v o l t a g e  t o  

T h i s  a lways  a l l o w e d  t h e  s i m u l a t i o n  t o  r u n  w t h o u t  

Summary o f  Computer S i m u l a t i o n s  

The f o l l o w i n g  o b s e r v a t i o n s  were made f r o m  t h e  r e s u l t s  o f  t h e  computer  

s i m u l a t i o n s  o f  t h e  TESLACO se l f - commuta ted  SPC. 

1. The run-on t i m e  f o r  t h e  TESLACO w i l l  b e  d i f f e r e n t  depend ing  on 

whe the r  t h e  i s l a n d  was c r e a t e d  by i n t e r r u p t i n g  c u r r e n t  on a 

n e g a t i v e - t o - p o s i t i v e  z e r o  c r o s s i n g  o r  on a p o s i t i v e - t o - n e g a t i v e  

z e r o  c r o s s i n g .  

2.  The c o m p o s i t i o n  o f  t h e  l o a d  w i t h i n  an i s l a n d  i s  n o t  v e r y  i m p o r t a n t  

i n  i n f l u e n c i n g  run -on  t i m e s .  The n e t  amount o f  w a t t s  and v a r s  o f  

l o a d  i s  o f  p r i m a r y  i m p o r t a n c e .  



3 .  D i s t r i b u t i o n  

i n f l u e n c e  on 

4 .  Run-on t i m e  

g e n e r a t i o n  w 

5 .  Two TESLACOs 

f e e d e r  c o n d u c t o r s  and c o n f i g u r a t i o n s  have l i t t l e  

run-on t i m e s .  

s more s e n s i t i v e  t o  mismatches i n  v a r  l o a d  and 

t h i n  an i s l a n d  t h a n  i t  i s  t o  mismatches i n  w a t t s  

w i t h i n  an i s l a n d  a t  t h e  same l o c a t i o n  w i l l  have t h e  

same run-on t i m e s  a s  one TESLACO a t  t h a t  l o c a t i o n  w i t h  h a l f  t h e  

1 oad.  

6 .  Run-on t i m e s  a r e  n o t  i n c r e a s e d  by h a v i n g  more t h a n  one TESLACO 

w i t h i n  an i s l a n d .  I f  a n y t h i n g  t h e y  a r e  dec reased  somewhat. 

7 .  U n f o l d e r  e r r o r s  can o c c u r  f o r  some l o a d  c o n d i t i o n s .  T h i s  r e f e r s  t o  

an o p e r a t i o n  i n  w h i c h  t h e  u n f o l d e r  c i r c u i t r y  o f  t h e  TESLACO does 

n o t  work  p r o p e r l y  and t h e  o u t p u t  o f  t h e  SPC i s  a f u l l y  r e c t i f i e d  

s i n e  wave i n s t e a d  o f  a normal  s i n e  wave. 

8 .  The l o n g e s t  run-on  t i m e s  f o r  t h e  TESLACO can o c c u r  f o r  two 

c o n d i t i o n s :  1) when t h e  mismatch  between l o a d  and g e n e r a t i o n  i n  

t h e  i s l a n d  i s  a p p r o x i m a t e l y  z e r o ;  and, 2 )  when t h e r e  i s  a w a t t  

m ismatch  o f  s e v e r a l  hundred w a t t s  and t h e  v a r  mismatch i s  i n  t h e  

range  o f  5 t o  25 v a r s .  

9 .  The TESLACO w i l l  s h u t  down i m m e d i a t e l y  ( w i t h i n  two c y c l e s )  i f  t h e  

w a t t s  mismatch  i s  i n  t h e  range  o f  40% o f  t h e  d e v i c e ' s  r a t i n g  o r  i f  

t h e  v a r  mismatch  i s  i n  t h e  range  o f  20% o f  t h e  d e v i c e ' s  r a t i n g .  
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A s e r i e s  o f  l a b  t e s t s  was d e s i g n e d  t o  v e r i f y  many o f  t h e  o b s e r v a t i o n s  made 

above. A number o f  t e s t s  were p l a n n e d  t o  make s u r e  t h a t  t h e  TESLACO wou ld  

n o t  r u n  on i n d e f i n i t e l y  r e g a r d l e s s  o f  how w e l l  t h e  l o a d  was matched t o  

g e n e r a t i o n .  The TESLACO l a b  t e s t s  a r e  summarized i n  S e c t i o n  3 . 2 .  
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2 . 3  A n a l y t i c a l  R e s u l t s  f o r  a Gemini Line-Commutated S t a t i c  Power Converter 

The Gemini s t a t i c  power c o n v e r t e r  modeled i n  t h i s  p r o j e c t  was a l i n e -  

commutated 6-kW s ingle-phase  c o n v e r t e r .  

c o n v e r t e r  was suppl ied  by Paul Krause and A s s o c i a t e s .  In t h i s  p r o j e c t ,  a 

d e t a i l e d  model was developed f o r  t h e  EMTP d i g i t a l  computer program based on 

t h e  Krause model. D e t a i l s  of the  computer model a long w i t h  v e r i f i c a t i o n  o f  

t h e  EMTP model based on a comparison w i t h  r e s u l t s  from Krause 's  analog 

computer model a r e  given i n  Appendix C .  The EMTP computer model was then 

used t o  p r e d i c t  the  o p e r a t i o n  of the  c o n v e r t e r  fo l lowing  d isconnec t ion  from 

the  u t i l i t y  ( i s l a n d i n g ) .  

A block diagram model of t h e  Gemini 

A t y p i c a l  s i n g l e  Gemini i s l a n d i n g  s imula t ion  setup i s  shown i n  Figure 2 .3-1 .  

In most c a s e s  t h e  s o l a r  i n s o l a t i o n  was assumed t o  be c o n s t a n t  r e s u l t i n g  in  a 

c o n s t a n t  power o u t p u t  of t h e  a r r a y .  The c o n v e r t e r  has a v o l t a g e  and c u r r e n t  

r e g u l a t o r  c i r c u i t  t h a t  a c t s  t o  hold the  a r r a y  dc v o l t a g e  t o  a c o n s t a n t  va lue  

equal t o  a u s e r - s e t  r e f e r e n c e  v o l t a g e .  The r e g u l a t o r  c i r c u i t  main ta ins  the  

c o n s t a n t  a r r a y  v o l t a g e  by a d j u s t i n g  the  SCR f i r i n g  t i m e s ,  w h i c h  vary the  

c o n v e r t e r  o u t p u t  current .  D e t a i l s  of t he  r e g u l a t o r  c i r c u i t  and c o n v e r t e r  

o p e r a t i o n  a r e  g i v e n  i n  Appendix C .  The f i n a l  s t a g e  of t h e  c o n v e r t e r  i s  a 

350/240-V step-down t r a n s f o r m e r .  T h i s  t r a n s f o r m e r  was modeled a s  an idea l  

t r a n s f o r m e r  w i t h  i t s  through impedance. 

Local l o a d s  were then modeled on the  t e r m i n a l s  of t h e  c o n v e r t e r .  In most 

c a s e s  t h e  loads  were combinations o f  p a r a l l e l  R-L-C e lements .  In a few 
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s i m u l a t i o n s  r o t a t i n g  l o a d s  were modeled i n  d e t a i l  t o  examine t h e i r  e f f e c t  on 

t h e  i s l a n d  c o n d i t i o n s .  The t o t a l  l o a d  was a d j u s t e d  t o  a l l o w  t h e  d e s i r e d  

power f l o w  t h r o u g h  t h e  u t i l i t y  s w i t c h  p r i o r  t o  i s l a n d i n g  f o r  t h e  v a r i o u s  

i s l a n d i n g  c o n d i t i o n s .  

f o r  400 ins t o  r e a c h  a s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n ,  and t h e n  t h e  u t i l i t y  

i n t e r f a c e  s w i t c h  was opened. 

The EMTP s i m u l a t i o n s  were s t a r t e d  and a l l o w e d  t o  r u n  

There  a r e  two m a j o r  d i f f e r e n c e s  

t h e  TESLACO SPC and t h e  s i m u l a t  

o f  t h e  TESLACO SPC i t  was f o u n d  

between t h e  s i m u l a t i o n  

on r e s u l t s  f o r  t h e  Gem 

t h a t  t h e  z e r o  c r o s s i n g  

i n t e r r u p t e d  t o  f o r m  an i s l a n d  ( p o s i t i v e - t o - n e g a t i v e  o r  

r e s u l t s  r e p o r t e d  f o r  

n i .  I n  o u r  s i m u l a t i o n  

a t  w h i c h  c u r r e n t  i s  

n e g a t i v e - t o - p o s i t i v e )  

had an impac t  on t h e  run-on t i m e .  Many o f  t h e  Gemin i  SPC cases  were r u n  w i t h  

t h e  i s l a n d  b e i n g  fo rmed f o l l o w i n g  i n t e r r u p t i o n  a t  each t y p e  o f  z e r o  c r o s s i n g ,  

b u t  t h i s  d i d  n o t  change t h e  case r e s u l t s .  O n l y  one z e r o  c r o s s i n g  i s  r e p o r t e d  

f o r  t h e  Gemin i ;  t h e  i n t e r r u p t i o n  o c c u r s  on t h e  f i r s t  z e r o  c r o s s i n g  o f  t h e  

c o n v e r t e r  o u t p u t  c u r r e n t  a f t e r  400 rns o f  s i m u l a t i o n .  The second d i f f e r e n c e  

i s  t h a t  t h e  c o n c e p t  o f  " run-on  t i m e "  d e s c r i b e d  f o r  t h e  TESLACO has l e s s  

s i g n i f i c a n c e  f o r  t h e  Gemin i .  T h i s  i s  c l a r i f i e d  l a t e r  i n  t h i s  d i s c u s s i o n .  

Many o f  t h e  cases  r a n  on i n d e f i n i t e l y .  I n  o r d e r  t o  d e t e r m i n e  o t h e r  

c h a r a c t e r i s t i c s  t h a t  w o u l d  be s i g n i f i c a n t  i n  c l a s s i f y i n g  t h e  Gemini i s l a n d i n g  

c o n d i t i o n s ,  t h e  i s l a n d  v o l t a g e s  and c u r r e n t s  were m o n i t o r e d .  

The Gemin i  c o u l d  s h u t  down d u r i n g  an i s l a n d i n g  c o n d i t i o n  f o r  e i t h e r  o f  two 

reasons .  The f i r s t  w o u l d  be  a commuta t ion  f a i l u r e .  

T h i s  i s  d i s c u s s e d  a t  l e n g t h  w i t h  t h e  e f f e c t s  o f  l o a d  t y p e s .  The second 

reason  w o u l d  be o p e r a t i o n  o f  t h e  G e m i n i ' s  u n d e r v o l t a g e  m o n i t o r  i n  i t s  c o n t r o l  
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circuitry. The converter trips off if the ac terminal voltage is less than 

approximately 80% of its normal peak value of 339.4 V. Given these 

restrictions, there may be practical load conditions that will cause the 

Gemini to continue to operate after an island is formed. This type of 

operation is not desirable from a utility's standpoint. The frequency of 

the ac terminal voltage in islanding operation is dependent on the local load 

and PV generation. The frequency variation from 60 Hz when islanding occurs 

appears to be the most significant factor that could be monitored to 

determine if the utility supply has been lost. Therefore, the frequency of 

the islanding system was monitored in our simulations. 

Two factors complicate the analysis of the Gemini converter. The first is 

that the output current contains a significant amount of harmonics. 

local loads used in the computer model and the loads to be used in  the 

laboratory experiments are parallel R-L-C elements. These loads draw mainly 

fundamental (60-Hz) current when connected to the utility. Prior to 

islanding, the Gemini's harmonic current flows through the utility switch and 

out to the system. It is very difficult to "zero out" this current, thus 

power flows out to the system. Therefore, we do not have a zero power 

mismatch type of case for the Gemini. In our simulations, a Fourier 

transform of the ac terminal voltage and output current waveforms for the 

cycle just before opening of the utility interface switch were calculated. 

The fundamental component of the voltage and current in this cycle was used 

to calculate the watt and var output. 

equal to this fundamental volt-ampere output. 

The 

A "balanced load" was calculated to be 
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The second f a c t o r  c o m p l i c a t i n g  t h e  a n a l y s i s  was t h e  mode o f  o p e r a t i o n ;  e i t h e r  

c o n t i n u o u s  c u r r e n t  o r  d i s c o n t i n u o u s  c u r r e n t .  

on t h e  power a v a i l a b l e  f r o m  t h e  a r r a y  and t h e  s e l e c t i o n  o f  c o n v e r t e r  d c  

r e f e r e n c e  v o l t a g e  t h a t  f i x e s  t h e  a r r a y  v o l t a g e .  

modes i s  g i v e n  i n  Appendix  C .  

o p e r a t i n g  modes. 

The mode o f  o p e r a t i o n  depends 

A d e s c r i p t i o n  o f  t h e  two 

Most  Gemini  s i m u l a t i o n s  were r u n  i n  b o t h  

E f f e c t s  o f  Load Types 

The i n i t i a l  g roup o f  s i m u l a t i o n s  had l o c a l  l o a d s  t h a t  were r e s i s t i v e  o n l y .  

D u r i n g  t h e  f i r s t  commutat ion p e r i o d  f o l l o w i n g  t h e  o p e n i n g  o f  t h e  u t i l i t y  

s w i t c h ,  t h e  S C R  b r i d g e  was s h o r t - c i r c u i t e d .  As d e s c r i b e d  i n  Appendix  C ,  

normal commutat ion f o r  a l i n e - c o m m u t a t e d  c o n v e r t e r  r e q u i r e s  t h a t  t h e  u t i l i t y  

source  ( o r  i s l a n d  l o a d  i n  t h i s  case)  a t t e m p t  t o  f o r c e  c u r r e n t  back  t h r o u g h  

two o f  t h e  f o u r  SCRs t o  c u t  them o f f .  I n  t h e  case o f  a r e s i s t i v e  l o a d ,  t h e  

l o a d  v o l t a g e  d r o p s  t o  z e r o  d u r i n g  commuta t ion .  

c l o s e d  and t h e  o u t p u t  o f  t h e  Gemini  d ropped t o  z e r o .  F o r  t h i s  r e a s o n ,  R-C 

l o a d s  were used f o r  most  o f  t h e  r e m a i n i n g  s i m u l a t i o n s .  D u r i n g  commuta t ion ,  

t h e  c a p a c i t a n c e  o f  t h e  l o a d  has a s t o r e d  v o l t a g e  a c r o s s  i t .  When t h e  SCR 

b r i d g e  s h o r t e d  o u t ,  t h i s  v o l t a g e  a t t e m p t e d  t o  d r i v e  r e v e r s e  c u r r e n t  t h r o u g h  

two o f  t h e  SCRs, a l l o w i n g  normal  commuta t ion .  I n  a l l  o f  o u r  s i m u l a t i o n s  i n  

w h i c h  t h e  l o c a l  l o a d  s u p p l i e d  60% o r  more o f  t h e  r e a c t i v e  power r e q u i r e m e n t s  

and t h e  w a t t  l o a d  w a s  l e s s  t h a n  130% o f  t h e  o u t p u t  o f  t h e  Gemini  p r i o r  t o  

i s l a n d i n g ,  t h e  u n i t  r a n  on i n d e f i n i t e l y .  

A l l  f o u r  o f  t h e  SCRs remained 

F o r  t h i s  reason,  run-on t i m e  does n o t  have t h e  s i g n i f i c a n c e  t h a t  i t  d i d  f o r  

t h e  TESLACO u n i t .  I n  r e v i e w i n g  t h e  e a r l y  s i m u l a t i o n  r e s u l t s  i t  was a p p a r e n t  
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t h a t  t h e  w a t t  and va r  mismatch a t  t h e  t ime an i s l a n d  formed was t h e  important  

parameter which d i c t a t e d  t h e  c h a r a c t e r i s t i c s  of t h e  r e s u l t i n g  i s l a n d  v o l t a g e s  

and c u r r e n t s .  Several  c a s e s  were r u n  t o  demonstrate  t h a t  t h e  net wat t  and 

v a r  mismatches were t h e  important  parameters .  T h i s  was accomplished by 

r u n n i n g  c a s e s  w i t h  an R-only load and comparing them t o  an R p lus  a p a r a l l e l  

L-C l oad .  The L-C load was s i z e d  so t h a t  i t s  r e a c t i v e  c o n t r i b u t i o n s  can- 

c e l e d  each o t h e r .  In both c a s e s  t h e  u n i t  s h u t  down in  l e s s  than one c y c l e .  

Cases with p a r a l l e l  R-C loads  were a l s o  r u n  and compared t o  R-C p lus  another  

p a r a l l e l  L-C load s e c t i o n .  The p a r a l l e l  L-C s e c t i o n  was s i z e d  so t h a t  i t s  

r e a c t i v e  power c o n t r i b u t i o n s  c a n c e l l e d  each o t h e r .  The r e s u l t s  of t h e s e  two 

t y p e s  of c a s e s  were t h e  same. T h e r e f o r e ,  t h e  makeup of t h e  load was not  

n e t  w a t t  and v a r  mismatch was impor tan t .  

load t h a t  was modeled included r o t a t i n g  machinery. 

i n e  model d e s c r i b e d  i n  Sec t ion  2 . 1 .  was used t o  model 

a s ingle-phase induct ion  motor i n  d e t a i l .  

s i g n i f i c a n t .  Only t h e  

The f i n a l  type  o f  loca 

The EMTP universa l  mac 

In e a r l y  s i m u l a t i o n s ,  t h e  Gemini and loca l  loads  were connected through a 

t y p i c a l  d i s t r i b u t i o n  t ransformer  and f e e d e r  t o  a s u b s t a t i o n .  A u t i l i t y  

breaker  opening was modeled i n  t h e  s i m u l a t i o n s  t o  i n i t i a t e  t h e  i s l a n d .  

A f t e r  being convinced t h a t  t he  l o s s e s  o f  t h e  d i s t r i b u t i o n  t ransformer  and t h e  

capac i tance  o f  t h e  d i  s t r i  b u t i  on 1 i ne behaved simi 1 a r  t o  an equi Val en t  1 umped 

load model, t h e  c a s e s  were s i m p l i f i e d .  

The r e s i s t i v e  and c a p a c i t i v e  loca l  load was v a r i e d  i n  - + 1%, - + 3%, 

- + l o%,  and - + 50% s t e p s  t o  s tudy the  e f f e c t  of  w a t t  and v a r  mismatches on t h e  

i s l a n d  v o l t a g e s  and c u r r e n t s .  The e f f e c t  of  r e a l  and r e a c t i v e  power 

5%, 
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mismatches  i s  d i s c u s s e d  s e p a r a t e l y  i n  t h e  n e x t  two s e c t i o n s .  

m o t o r  l o a d  i n  t h e  i s l a n d  i s  d e s c r i b e d  f o l l o w i n g  t h e  w a t t  and v a r  mismatch  

d i  s c u s s i o n .  

The e f f e c t  o f  

The fundamenta l  component o f  t h e  v o l t a g e  rema ins  f a i r l y  c o n s t a n t  b e f o r e  and 

a f t e r  t h e  i s l a n d  f o r  a "matched l o a d "  case.  The compos i te  t e r m i n a l  v o l t a g e  

waveform i n c l u d i n g  a l l  ha rmon ics  does n o t  rema in  t h e  same. The n e t  r e s u l t  i s  

t h a t  t h e  compos i te  ac t e r m i n a l  waveform i s  reduced  i n  magn i tude  when t h e  i s l a n d  

i s  fo rmed.  When an i s l a n d  i s  fo rmed w i t h  t h e  Gemini and a b a l a n c e d  l o c a l  l o a d  

( w a t t s  and v a r s ) ,  t h e  a r r a y  v o l t a g e ,  o u t p u t  fundamenta l  component o f  w a t t s  and 

v a r s ,  and ac t e r m i n a l  v o l t a g e  f r e q u e n c y  rema in  f a i r l y  c o n s t a n t .  The u n i t  r u n s  

on i n d e f i n i t e l y  i n  b o t h  modes o f  c u r r e n t  o p e r a t i o n .  

E f f e c t s  o f  Real Power Mismatch  

I f  o n l y  r e a l  power i s  f l o w i n g  ( a  w a t t  m ismatch)  a t  t h e  t i m e  when t h e  u t i l i t y  

i n t e r f a c e  s w i t c h  opens t o  f o r m  an i s l a n d ,  t h e  fundamenta l  component o f  t h e  

i s l a n d  v o l t a g e  a d j u s t s  t o  a v a l u e  equa l  t o  t h e  square  r o o t  o f  t h e  power o u t  o f  

t h e  c o n v e r t e r  t i m e s  t h e  r e s i s t i v e  l o a d  i n  t h e  i s l a n d .  The e f f e c t  o f  

v a r y i n g  t h e  o u t p u t  w a t t  m ismatch  i s  shown i n  T a b l e  2 . 3 - 1 .  The i m p o r t a n t  t r e n d s  

a r e  summarized be low:  

TERMINAL VOLTAGE 
GEMINI OUTPUT 60 Hz 

pf MAG FREQ 

I s l a n d  l o a d  > g e n e r a t i o n  

I s l a n d  l o a d  = g e n e r a t i o n  

I s l a n d  l o a d  < g e n e r a t i o n  

i n c r e a s e  dec rease  c o n s t a n t  

con s t a n t  c o n s t a n t  c o n s t a n t  

dec rease  i n c r e a s e  c o n s t a n t  
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These t r e n d s  a r e  i l l u s t r a t e d  i n  F i g u r e s  2.3-2 and 2.3-3 where t h e  l o c a l  l o a d  

i s  50% g r e a t e r  t h a n  and 50% l e s s  t h a n  g e n e r a t i o n .  

a c t u a l l y  s h u t  down i n  one c y c l e .  The shut-down l o g i c  was d i s a b l e d  so t h e  

e f f e c t  o f  l o c a l  m ismatch  wou ld  be pronounced on t h e  p l o t .  

The 50% g r e a t e r  case wou ld  . 

E f f e c t  o f  R e a c t i v e  Power Mismatch 

I f  o n l y  r e a c t i v e  power i s  f l o w i n g  ( a  v a r  mismatch)  a t  t h e  t i m e  when t h e  

u t i l i t y  i n t e r f a c e  s w i t c h  opens t o  f o r m  an i s l a n d ,  t h e  s t e a d y - s t a t e  magn i tude 

o f  t h e  fundamenta l  component o f  ac t e r m i n a l  v o l t a g e  o f  t h e  i s l a n d  rema ins  

f a i r l y  c o n s t a n t .  A t r a n s i e n t  v o l t a g e  c o n d i t i o n  o c c u r s ,  w h i c h  may cause t h e  

G e m i n i ' s  u n d e r v o l t a g e  r e l a y  t o  o p e r a t e .  T h i s  o c c u r r e d  f o r  v a r  mismatches o f  

40% o r  more. The power f a c t o r  o f  t h e  Gemini i s  a f u n c t i o n  o f  t h e  ac t e r m i n a l  

v o l t a g e ;  t h e r e f o r e ,  i t  remains  f a i r l y  c o n s t a n t  i n  t h e  i s l a n d .  S ince  t h e  

G e m i n i ' s  v a r  r e q u i r e m e n t  does n o t  change, t h e  f r e q u e n c y  o f  t h e  i s l a n d  ac 

t e r m i n a l  v o l t a g e  w i l l  be f o r c e d  t o  change.  The e f f e c t  o f  v a r y i n g  t h e  v a r  

p r o d u c i n g  l o a d  i s  r e p o r t e d  i n  T a b l e  2.3-2.  A summary o f  t h e  i m p o r t a n t  t r e n d s  

i s  g i v e n  be low:  

TERMINAL VOLTAGE 
GEMINI OUTPUT 60 Hz ______ 

pf MAG FREQ 

I s l a n d  p r o d u c i n g  v a r s  p r i o r  c o n s t a n t  c o n s t a n t  decrease 
t o  s e p a r a t i o n  

I s l a n d  v a r s  b a l a n c e d  p r i o r  c o n s t a n t  c o n s t a n t  c o n s t a n t  
t o  s e p a r a t i o n  

I s l a n d  r e c e i v i n g  v a r s  p r i o r  c o n s t a n t  c o n s t a n t  i n c r e a s e  
t o  s e p a r a t i o n  
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FIGURE 2.3-2 CASE G J . A . i . C . 1 0  
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FIGURE 2.3-3 CASE G J . A . l . c . 5  
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.C E f f e c t s  o f  M o t o r  Load i n  I s l a n d  

A d e t a i l e d  machine model was deve loped  and used i n  c o m b i n a t i o n  w i t h  R-L-C 

l o a d s  t o  p r o v i d e  t h e  boundary  c o n d i t i o n s  d e s c r i b e d  i n  T a b l e  2 .3 -3 .  

cases  demons t ra ted  t h e  same g e n e r a l  r e l a t i o n s h i p s  obse rved  i n  t h e  p a s s i v e  

l o a d  cases .  I n  a l l  i s l a n d i n g  cases  t h e  f r e q u e n c y  undergoes a t r a n s i e n t  when 

t h e  i s l a n d  i s  fo rmed.  I t  osc  l l a t e s  a round  i t s  new s t e a d y - s t a t e  v a l u e  f o r  a 

h a l f - s e c o n d  o r  more b e f o r e  r e  c h i n g  a c o n s t a n t  v a l u e .  When a m o t o r  i s  i n  t h e  

l o a d ,  t h e  o s c i l l a t i o n s  seem t o  be l a r g e r  i n  v a l u e  and t a k e  a l o n g e r  p e r i o d  o f  

t i m e  t o  damp o u t .  

The m o t o r  
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I n s o l a t i o n  V a r i a t i o n  D u r i n g  I s l a n d i n g  

F o r  t h e  Gemini  c o n v e r t e r  t h e  w a t t  o u t p u t  i s  d i r e c t l y  r e l a t e d  t o  t h e  i n s o l a t i o n .  

I f  t h e  i n s o l a t i o n  i s  r e d u c e d  a s u f f i c i e n t  amount t h a t  t h e  ac  t e r m i n a l  v o l t a g e  

d r o p s  b e l o w  80% o f  i t s  nomina l  v a l u e  t h e  u n i t  w i l l  s h u t  down i n  one c y c l e .  A 

s i m u l a t i o n  o f  t h i s  case  i s  g i v e n  i n  F i g u r e  2.3-4.  The Gemini  was a l l o w e d  t o  

i s l a n d  f o r  200 ms. The i n s o l a t i o n  was t h e n  dec reased  u n t i l  t h e  u n i t  s h u t  down. 

Load V a r i a t i o n  A f t e r  I s l a n d i n g  

The Gemini  c o n v e r t e r  has c o n t r o l  c i r c u i t r y  t o  sense t h e  r e d u c t i o n  o f  t h e  peak ac  

t e r m i n a l  v o l t a g e  t o  b e l o w  80% o f  i t s  nomina l  v a l u e .  The s i m u l a t i o n  o f  l o a d  

v a r i a t i o n  was made b y  a d d i n g  a w a t t  l o a d  i n  10% s t e p s  f r o m  100% t o  150% o f  

matched l o a d  e v e r y  200 ms a f t e r  a s u s t a i n e d  i s l a n d  was fo rmed .  The r e a c t i v e  

l o a d  was assumed c o n s t a n t .  The r e s u l t  o f  t h i s  s i m u l a t i o n  i s  g i v e n  i n  F i g u r e  

2 .3 -5 .  The u n i t  was s h u t  down b y  t h e  1 o w . v o l t a g e  c o n t r o l  a f t e r  t h e  t h i r d  s t e p  

was s w i t c h e d  i n .  A n o t h e r  s i m u l a t i o n  was r u n  i n  w h i c h  20% s t e p s  o f  i n d u c t i v e  

l o a d  were s w i t c h e d  i n  a f t e r  a s u s t a i n e d  i s l a n d  had formed.  These were d e s i g n e d  

t o  c a n c e l  t h e  l o c a l  c a p a c i t a n c e ' s  v a r  p r o d u c t i o n .  The f r e q u e n c y  o f  t h e  t e r m i n a l  

v o l t a g e  i n c r e a s e d ,  and t h e  c a p a c i t i v e  l o a d  p r o v i d e d  t h e  v a r s  r e q u i r e d  by t h e  

i n d u c t i v e  l o a d  f o l l o w i n g  each s t e p  o f  i n d u c t i v e  l o a d .  The u n i t  c o n t i n u e d  t o  

i s l a n d ,  a s  i l l u s t r a t e d  i n  F i g u r e  2 .3 -6 ,  even a f t e r  t h e  i n d u c t i v e  l o a d  had a 

60-Hz v a r  r e q u i r e m e n t  equa l  t o  t h e  c a p a c i t o r s '  60-Hz v a r  p r o d u c t i o n  c a p a b i l i t y .  

T h i s  i s  i n t e r e s t i n g  because cases  o f  t h i s  t y p e  s h u t  down i m m e d i a t e l y  when 

i n d u c t a n c e  and c a p a c i t a n c e  o f  t h e s e  v a l u e s  were i n  t h e  l o a d  a t  t h e  t i m e  t h e  

i s l a n d  was formed.  It appears  t h a t  a t r a n s i e n t  c o n d i t i o n  a t  t h e  t i m e  o f  

i n t e r r u p t i o n  caused a commuta t i on  f a i l u r e  t h a t  s h u t  down t h e  p r e v i o u s  cases .  
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FIGURE 2.3-4 VARY INSOLATION 
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FIGURE 2.3-5 VARY WATT LOADING 
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FIGURE 2.3-6 VARY VAR LOADING 
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Conc lus ions  f r o m  t h e  S i m u l a t i o n s  and Proposed L a b o r a t o r y  T e s t i n g .  

The f o l l o w i n g  o b s e r v a t i o n s  were made f r o m  t h e  r e s u l t s  o f  t h e  Gemini computer  

s i m u l a t i o n s .  

1. The Gemini can f o r m  a s u s t a i n e d  i s l a n d  if t h e  f o l l o w i n g  l o a d / g e n e r a t i o n  

c o n d i t i o n s  e x i s t  and i f  t h e  u n i t  does n o t  have ove r /under  f requency  and 

o v e r v o l t a g e  p r o t e c t i v e  c i r c u i t s .  

a .  The i s l a n d  l o a d  must  be  a b l e  t o  s u p p l y  60% o r  more o f  t h e  p r e - i s l a n d  

Gemini v a r  r e q u i r e m e n t .  

b .  The i s l a n d  w a t t  l o a d  must  n o t  exceed 130% o f  t h e  w a t t  g e n e r a t i o n  o f  

t h e  Gemin i .  

2 .  I f  t h e  Gemini has ove r /under  f requency  (+ 1 Hz) and ove r /under  v o l t a g e  

p r o t e c t i o n  ( +  - 10%) e i t h e r  i n  t h e  d e v i c e  i t s e l f  o r  i n  t h e  i n t e r f a c e  

between t h e  d e v i c e  and t h e  u t i l i t y ,  t h e n  t h e  c o n d i t i o n s  f o r  s u s t a i n e d  

i s l a n d i n g  become much more r e s t r i c t i v e .  

a .  The i s l a n d  l o a d  must  s u p p l y  an amount o f  v a r s  w h i c h  i s  w i t h i n  3% o f  

t h e  p r e - i s l a n d  v a r  r e q u i r e m e n t  o f  t h e  Gemin i .  

b .  The i s l a n d  w a t t  l o a d  must  be w i t h i n  25% o f  t h e  w a t t  g e n e r a t i o n  o f  t h e  

Gemini . 
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3 .  The w a t t  and v a r  mismatch  a t  t h e  i s l a n d  boundary  i s  t h e  most  i m p o r t a n t  

f a c t o r  i n  d e t e r m i n i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  i s l a n d .  

a f f e c t  t h e  magn i tude  o f  t h e  ac v o l t a g e .  

f r e q u e n c y  o f  t h e  ac v o l t a g e .  

W a t t  mismatches 

Var  mismatches a f f e c t  t h e  

4 .  The makeup o f  t h e  l o a d  i s  n o t  i m p o r t a n t ,  o n l y  t h e  r e s u l t i n g  mismatch  as 

j u s t  d e s c r i b e d .  T h i s  i n d i c a t e s  t h a t  f e e d e r  c h a r a c t e r i s t i c s  and 

d i s t r i b u t e d  l o a d  do  n o t  have a s i g n i f i c a n t  r o l e  i n  d e t e r m i n i n g  

r e s u l  t s .  

s l  and 

5 .  M o t o r  l o a d  i n  t h e  i s l a n d  behaves b a s i c a l l y  t h e  same as  p a s s i v e  l o a d s ,  b u t  

t h e  t i m e  r e q u i r e d  t o  r e a c h  s t e a d y - s t a t e  i s l a n d  c o n d i t i o n s  ( v o l t a g e  

magn i tude  and f r e q u e n c y )  i s  l o n g e r .  

6 .  A s u f f i c i e n t  r e d u c t i o n  i n  i n s o l a t i o n  d u r i n g  i s l a n d i n g  w i l l  cause t h e  

Gemin i  t o  s h u t  down due t o  l o w  v o l t a g e .  

7 .  The v a r i a t i o n  o f  l o a d  d u r i n g  i s l a n d i n g  has d i f f e r e n t  e f f e c t s  based on t h e  

t y p e  o f  l o a d .  

a .  I n c r e a s i n g  w a t t  l o a d i n g  above 130% o f  G e m i n i ’ s  w a t t  o u t p u t  w i l l  

r e s u l t  i n  a shutdown due t o  u n d e r v o l t a g e .  

b .  D e c r e a s i n g  c a p a c i t a n c e  g r a d u a l l y  t o  z e r o  w i l l  r e s u l t  i n  a commuta t ion  

f a i l u r e  shutdown when t h e  v a r  p r o d u c t i o n  i s  l e s s  t h a n  10% o f  t h e  

p r e - i  s l  and v a r  r e q u i  remen t .  



c .  I n c r e a s i n g  i n d u c t a n c e  g r a d u a l l y  w i l l  r e s u l t  i n  a c o n t i n u e d  s u s t a i n e d  

i s l a n d  w i t h  a h i g h e r  f r e q u e n c y .  I n c r e a s i n g  i n d u c t a n c e  i n  l a r g e  s t e p s  

(50% o f  v a r s  b e i n g  produced i n  t h e  i s l a n d  a t  t h e  t i m e )  can r e s u l t  i n  

shutdown due t o  a t r a n s i e n t  u n d e r v o l t a g e  c o n d i t i o n .  

The s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t  t h e  Gemini  i n v e r t e r  w i t h o u t  o v e r v o l t a g e  

and over /under  f r e q u e n c y  p r o t e c t i o n  w i l l  a l l o w  a s u s t a i n e d  i s l a n d  t o  be 

formed f o r  a f a i r l y  w i d e  range o f  cases .  The proposed l a b  e x p e r i m e n t s  

i n c l u d e  a b a l a n c e d  case, - +lo% and 250% v a r i a t i o n s  i n  w a t t  and v a r  l o a d  

cases.  These cases s h o u l d  be r u n  i n  b o t h  modes o f  c u r r e n t  o p e r a t i o n .  

T h i s  r a n g e  o f  t e s t s  s h o u l d  demonst ra te  t h e  i n d e f i n i t e  run-on cases and 

immedia te  shutdown a s s o c i a t e d  w i t h  commutat ion f a i l u r e  and u n d e r v o l t a g e  

d e t e c t i o n .  
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2.4 Analytical Results for Combinations of TESLACO and Gemini Static Power 

Converters. 

Computer simulations were run that modelled islanding in which combinations 

of TESLACO and Gemini SPC designs were in the island. The results of these 

simulations are given in Table 2.4-1. The focus of these studies was to 

determine if the two types of SPCs could somehow support each other during 

islanding and create longer duration islands. In single-converter TESLACO 

simulations the longest run on time was 2 . 3  sec. In single converter Gemini 

ran on indefinitely. simulations, there were cases that 

The results of the multiple unit s 

the cases (G.T.I.A.l), in which th 

mulation were much as expected. In one of 

watt load and watt generation in the 

island were balanced and no var support was provided, the Gemini unit shut 

down immediately. The TESLACO unit experienced a watt mismatch equal to the 

watts previously supplied by the Gemini and shut down in .007 sec. 

In all of the remaining cases var support for the Gemini was provided in  the 

local load. In these cases the TESLACO unit determined the initiation of 

shutdown for the island. Once the TESLACO sensed a phase error of a 

sufficient amount, it shut down. The Gemini was left with the entire load of 

the island. In all of our simulations, the island load was large enough that 

the island voltage dropped following the trip off of the TESLACO unit to a 

level at which the Gemini undervoltage circuit picked up. The Gemini tripped 

off i n  one cycle after the TESLACO in these cases. 



S e v e r a l  cases  were r u n ,  w h i c h  a r e  n o t  r e p o r t e d  i n  t h e  t a b l e ,  t o  i n v e s t i g a t e  

t h e  s e p a r a t i o n  o f  PV g e n e r a t i o n  and t h e  d i s t r i b u t i o n  o f  l o a d  a l o n g  a t y p i c a l  

f e e d e r .  I n  t h e  cases  i n  wh ich  s e p a r a t i o n  was s t u d i e d ,  p a r t i c u l a r  emphasis  

was p l a c e d  on m ismatch ing  t h e  l o a d  and g e n e r a t i o n  a t  each P V  s i t e  w h i l e  

m a i n t a i n i n g  a b a l a n c e  a t  t h e  u t i l i t y  i n t e r f a c e .  The o b j e c t i v e  was t o  f o r c e  

a power t r a n s f e r  on t h e  d i s t r i b u t i o n  feeder  d u r i n g  t h e  i s l a n d .  The r e s u l t s  

o f  t h e s e  cases  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  r e p o r t e d  i n  T a b l e  

2 .4 -1  and d i d  n o t  r e s u l t  i n  l o n g e r  run-on t i m e s .  

The r e s u l t s  o f  t h e  c o m b i n a t i o n  t e s t s  i n d i c a t e d  a maximum run-on t i m e  o f  

1 .421  seconds f o r  t h e  TESLACO, w h i c h  i s  l e s s  t h a n  t h e  s i n g l e - u n i t  TESLACO 

s i m u l a t i o n s .  I n  a l l  cases ,  t h e  Gemin i  s h u t  down i n  t h e  c o m b i n a t i o n  

s i m u l a t i o n s  due t o  u n d e r v o l t a g e .  Based on t h e  s i n g l e - u n i t  s i m u l a t i o n s ,  t h e  

Gemin i  c o u l d  r u n  on i n d e f i n i t e l y  f o l l o w i n g  t h e  TESLACO shutdown i f  t h e  

i s l a n d  l o a d  were l e s s  t h a n  130% o f  t h e  G e m i n i ' s  c a p a b i l i t y .  T h i s  was 

demons t ra ted  i n  t h e  TVA f i e l d  t e s t s ,  w h i c h  a r e  r e p o r t e d  i n  S e c t i o n  4.4.  
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111. LABORATORY EXPERIMENTS 

The o b j e c t i v e s  o f  t h e  l a b o r a t o r y  e x p e r i m e n t s  were t o  v a l i d a t e  t h e  SPC mode ls  

and c o n f i r m  t h e  t h r e s h o l d  v a l u e s  o f  t h e  i s l a n d i n g  windows a s  p r e d i c t e d  by t h e  

d e t a i l e d  computer  s i m u l a t i o n s .  Fu r the rmore ,  c o n t r o l l e d  c o n d i t i o n s  were  

a t t a i n e d  i n  t h e  l a b o r a t o r y  t o  p e r f o r m  s e n s i t i v i t y  a n a l y s e s  on t h e  system 

pa ramete rs  t h a t  may a f f e c t  t h e  s t a t i c  power c o n v e r t e r  i s l a n d i n g  pe r fo rmance .  

The l a b o r a t o r y  e x p e r i m e n t s  were  p e r f o r m e d  a t  t h e  G e o r g i a  Power Company’s 

r e l a y  t e s t i n g  l a b o r a t o r y  i n  A t l a n t a ,  G e o r g i a ,  where t h e  f o l l o w i n g  

e x p e r i m e n t a l  s e t u p  was d e s i g n e d  and c o n s t r u c t e d .  

3 . 1  D e s c r i p t i o n  o f  t h e  L a b o r a t o r y  Setup  

3 . 1 . 1  C o n s t r u c t i o n  o f  t h e  L a b o r a t o r y  Setup  

The i n t e n t  o f  t h e  l a b o r a t o r y  s e t u p  was t o  p r o v i d e  a t e s t  e n v i r o n m e n t  t h a t  

r e p r e s e n t e d  t h e  “ r e a l  w o r l d ”  a s  c l o s e l y  as  p o s s i b l e .  F i g u r e  3 .1 -1  shows t h e  

d e t a i l e d  i n t e r c o n n e c t i o n s  o f  t h e  t e s t  f i x t u r e .  The l a b o r a t o r y  s e t u p  was 

d e s i g n e d  so t h a t  two SPCs o p e r a t i n g  i n  p a r a l l e l  c o u l d  be t e s t e d  a t  t h e  same 

t i m e .  

I n  t h e  e x p e r i m e n t s ,  two  d i f f e r e n t  t y p e s  o f  SPCs were employed: a TESLACO, 

4-kW u n i t  and a Gemin i ,  6-kW u n i t .  The re  were two i d e n t i c a l  u n i t s  o f  each 

t y p e ,  and a l l  o f  them were p r o v i d e d  f o r  t e s t i n g  by Sand ia  N a t i o n a l  

L a b o r a t o r i e s .  
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The i n p u t  dc  power t o  t h e  SPCs was p r o v i d e d  by means o f  c o n t r o l l e d  dc power 

s u p p l i e s  (0-300 Vdc) .  

p h o t o v o l t a i c  a r r a y s  and were powered by a 50-kVA d i e s e l  g e n e r a t o r  t o  o p e r a t e  

i ndependen t  o f  t h e  u t i l i t y  power.  

These dc  power s u p p l i e s  were used t o  r e p r e s e n t  t h e  

The u t i l i t y  g r i d  was one phase o f  t h e  th ree -phase  480-Vac d i s t r i b u t i o n  

system, w h i c h  a l s o  s u p p l i e d  power t o  t h e  b u i l d i n g .  The SPCs were connec ted  

t o  t h e  u t i l i t y  g r i d  t h r o u g h  480/240-V, 25-kVA t r a n s f o r m e r s .  

The l o a d s  used i n  t h e  e x p e r i m e n t s  i n c l u d e d  r e s i s t i v e ,  i n d u c t i v e ,  and 

c a p a c i t i v e  l o a d s  as w e l l  as  a dynamic l o a d ,  w h i c h  was a 1-HP,  s i n g l e - p h a s e  

i n d u c t i o n  m o t o r .  The s e t u p  was d e s i g n e d  so t h a t  t h e  l o a d s  c o u l d  e a s i l y  be  

a d j u s t e d  o v e r  a range  o f  v a l u e s  c h a n g i n g  f r o m  l a g g i n g  t o  l e a d i n g  power 

f a c t o r s .  

A n o t h e r  i ndependen t  120-Vac sou rce  s u p p l i e d  power t o  t h e  d a t a  a c q u i s i t i o n  

system, w h i c h  m o n i t o r e d  t h e  s t a t u s  o f  t h e  i s l a n d  b e f o r e  and a f t e r  t h e  

s e p a r a t i o n  f r o m  t h e  u t i l i t y .  The d a t a  c o l l e c t i o n  system was composed o f  a 

t e s t  p a n e l  c o n t a i n i n g  v a r i o u s  s w i t c h e s ,  c u r r e n t  t r a n s f o r m e r s ,  v o l t a g e  

t r a n s f o r m e r s ,  and t r a n s d u c e r s  m o n i t o r e d  by a 16-channel  d i g i t a l  a n a l y z e r .  

The d i g i t a l  a n a l y z e r  c o n s i s t e d  o f  a Gou ld  R e c o r d i n g  Systems Model DASA 

16-channel  A/D d a t a  a n a l y z e r ,  an IBM PC/AT c o n t r o l l e r ,  and an Iomega 

B e r n o u l l i  10-megabyte c a r t r i d g e  d a t a  s t o r a g e  u n i t .  

The r e a l - t i m e  d i s p l a y  o f  v a r i a b l e s  w i t h i n  t h e  t e s t  system o r  w i t h i n  t h e  

s t a t i c  power c o n v e r t e r  was done w i t h  a N i c o l e t  Model 320 d i g i t a l  



o s c i l l o s c o p e .  

i s  shown i n  T a b l e  3.1-1. 

A c o m p l e t e  l i s t  o f  t h e  equipment  used d u r i n g  t h e  e x p e r i m e n t s  

A f t e r  t h e  t e s t  system was assembled, i t  was t e s t e d  and c a l i b r a t e d  by a p p l y i n g  

a p o t e n t i a l  o f  240 Vac and a c u r r e n t  o f  25 amperes t o  t h e  t e s t  pane l  and 

a d j u s t i n g  t h e  c a l i b r a t i o n  p o t e n t i o m e t e r s  o f  each t r a n s d u c e r  t o  t h e i r  

factory-recommended v a l u e s .  

t e s t s ,  and v a r i o u s  p o r t i o n s  were checked on numerous o c c a s i o n s  t o  v e r i f y  t h e  

a c c u r a c y  o f  t h e  d a t a .  The i n t e n t  o f  t h e  t e s t  system d e s i g n  was t o  p r o v i d e  

h i g h l y  a c c u r a t e  r e s u l t s ,  w i t h  t h e  o v e r a l l  a c c u r a c y  a p p r o a c h i n g  2 p e r c e n t .  

The system was r e c a l i b r a t e d  t w i c e  d u r i n g  t h e  

3.1.2 T e s t  Procedures  

The t e s t  p r o c e d u r e s  f o l l o w e d  d u r i n g  t h e  e x p e r i m e n t s  were s i m i l a r  t o  t h o s e  

o u t l i n e d  i n  Reference [7 ] .  These 

i n s t r u c t i o n s  f o r  s w i t c h i n g  t h e  u t  

t h e  l o a d s .  

t e s t  p r o c e d u r e s  i n c l u d e d  d e t a i l e d  

l i t y ,  c o n t r o l l i n g  t h e  SPC, and a d j u s t  

A f t e r  a n a l y z i n g  t h e  r e s u l t s  o f  t h e  i n i t i a l  computer  s i m u l a t i o n s  f o r  t h e  s e l f -  

and l ine-commuta ted  s t a t i c  power c o n v e r t e r s ,  a l i s t  o f  l a b o r a t o r y  t e s t s  was 

proposed.  These t e s t s  were s i n g l e - u n i t  and t w o - u n i t  t e s t s  o f  each SPC p l u s  

one group o f  TESLACO-Gemini Cases. 

l a t e r  i n  t h e  r e p o r t .  

The d e t a i l s  o f  t h e  t e s t s  a r e  p r o v i d e d  



Table 3.1-1 Test Equipment 

A. Digital Data System: 

Gould DASA 16 Channel Data Analyzer 

IBM PC-AT Computer Iomega Bernoulli 10 Meg. Cartridge Storage Unit 

B .  Instruments: 

Polymeter - Dranetz Model 325 

Voltage, Current, Phase Angle 

Phasemeter - Dranetz Model 314 
Voltage, Current, Phase Angle 

Power System Analyzer - Dranetz Model 3105 

Power, Reactive power, Instantaneous Phase Angle, Harmonics 

Oscilloscope - Nicolet Model 320 

Multimeter - Keithley Model 175 

C. Equipment: 

Watt-Var Transducers - Scientific Columbus Model XLWV3-1K5-2.5A2 

Current Transformers - Westinghouse Type C5B-10 Pearson Model 110 
Current Shunts - Janco Model 8765 

Potential Transformers - Westinghouse Type T6-A 



For  each o f  t h e  l a b o r a t o r y  t e s t s ,  t h e  d e s i r e d  o p e r a t i n g  p o i n t  o f  t h e  

p r o s p e c t i v e  i s l a n d  was s e t  by t h e  s imu l taneous  a d j u s t m e n t  o f  dc power s u p p l y ,  

l o a d s ,  and SPC c o n t r o l s  a c c o r d i n g  t o  t h e  t e s t  p r o c e d u r e s .  The f i n e - t u n i n g  o f  

t h e  d e s i r e d  mismatch  between t h e  SPC power and l o a d  power was accomp l i shed  by 

a d j u s t i n g  t h e  l o c a l  l o a d .  The i s o l a t e d  o p e r a t i o n  was i n i t i a t e d  by open ing  a 

s w i t c h  t h a t  connec ted  t h e  u t i l i t y  t o  t h e  SPCs and t h e  l o a d s .  The s w i t c h  was 

s y n c h r o n i z e d  t o  t h e  d a t a  a c q u i s i t i o n  system so t h a t  t h e  s w i t c h  system 

c o n d i t i o n s  were r e c o r d e d  b o t h  b e f o r e  and a f t e r  t h e  s w i t c h  was opened. 

The r e s u l t s  o f  t h e  exper imen ts  were r e c o r d e d  i n  t h e  f o r m  o f  o s c i l l o g r a m s  and 

d i s c r e t e  d a t a  on a magne t i c  t a p e .  The d a t a  i n c l u d e  c u r r e n t  f l o w  on a l l  

e n e r g i z e d  c i r c u i t  e lemen ts ,  t o t a l  a c t i v e  and r e a c t i v e  power s u p p l i e d  by t h e  

SPCs,  t o t a l  a c t i v e  and r e a c t i v e  power d e l i v e r e d  t o  t h e  l o a d s ,  system v o l t a g e ,  

system f r e q u e n c y  and d u r a t i o n  o f  t h e  i s l a n d .  Ma in tenance p rob lems  w i t h  b o t h  

o f  t h e  SPCs were f r e q u e n t  enough t o  p r e v e n t  t h e  pe r fo rmance  o f  some t w o - u n i t  

t e s t s ,  as  b o t h  u n i t s  were n o t  o p e r a b l e  a t  t h e  same t i m e .  
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3 . 2  TESLACO S t a t i c  Power C o n v e r t o r  L a b o r a t o r y  T e s t s  

Numerous l a b o r a t o r y  t e s t s  were  p e r f o r m e d  u s i n g  a s i n g l e  TESLACO s t a t i c  power 

c o n v e r t e r  w i t h  v a r y i n g  l o a d  c o n d i t i o n s .  

b a s i c a l l y  t h e  same a s  t h o s e  done i n  t h e  computer  s i m u l a t i o n s .  The t e s t s  

i n c l u d e d  r e s i s t i v e  l o a d  o n l y  t e s t s ,  r e s i s t i v e  and i n d u c t i v e  l o a d  t e s t s ,  and 

t e s t s  w i t h  m o t o r  l o a d s .  One o f  t h e  p r i m a r y  pu rposes  f o r  t h e  l a b  t e s t s  was t o  

p r o v i d e  v e r i f i c a t i o n  f o r  t h e  computer  s i m u l a t i o n s .  T h i s  t u r n e d  o u t  t o  b e  

d i f f i c u l t  f o r  s e v e r a l  reasons .  One reason  was t h e  s w i t c h  t h a t  was used i n  

t h e  l a b  t o  i n t e r r u p t  t h e  c u r r e n t  t o  t h e  u t i l i t y  t o  c r e a t e  t h e  i s l a n d .  I n  t h e  

s i m u l a t i o n s ,  t h i s  s w i t c h  was assumed t o  open a t  c u r r e n t  z e r o e s .  I n  t h e  l a b  

The t y p e s  o f  t e s t s  p e r f o r m e d  were  

t e s t s  t h e  s w i t c h  d 

opened whenever i t  

d e s c r i b i n g  s imu l  a t  

opens makes a d i f f  

(on 

i f  

t h e  

max 

The 

1 ab 

d n o t  w a i t  f o r  c u r r e n t  z e r o e s .  I t  chopped c u r r e n t  and 

g o t  a t r i p  s i g n a l .  As p o i n t e d  o u t  i n  t h e  s e c t i o n  

on r e s u l t s ,  t h e  p o i n t  on t h e  c u r r e n t  wave t h a t  t h e  s w i t c h  

r e n c e  i n  run-on  t i m e s .  T h e r e f o r e ,  t h e  s i m u l a t i o n s  had t o  

be r e r u n  and t h e  s w i t c h  s e t  t o  open a t  t h e  same t i m e  as  i t  had f o r  t h e  l a b  

t e s t s  i n  o r d e r  t o  g e t  comparab le  r e s u l t s .  The s w i t c h  used i n  t h e  l a b  was 

a b l e  t o  i n t e r r u p t  a t  a c u r r e n t  d i f f e r e n t  f r o m  z e r o  because i t  was o p e r a t i n g  

i n  a 2 4 0 - v o l t  c i r c u i t .  On a u t i l i t y  system, t h e  b r e a k e r  t h a t  opens t o  c r e a t e  

a p o t e n t i a l  i s l a n d  w i l l  be  o p e r a t i n g  a t  t h e  u t i l i t y ' s  d i s t r i b u t i o n  v o l t a g e  

t h e  o r d e r  o f  12  k V ) .  It s h o u l d  i n t e r r u p t  o n l y  a t  c u r r e n t  z e r o e s .  Even 

t does i n t e r r u p t  a t  a c u r r e n t  o t h e r  t h a n  z e r o ,  t h e  run-on  t i m e s  Given f o r  

TESLACO s h o u l d  be c o n s e r v a t i v e .  Numerous s i m u l a t i o n s  r e v e a l e d  t h a t  t h e  

mum run-on t i m e s  o c c u r r e d  f o r  i n t e r r u p t i o n s  a t  c u r r e n t  z e r o e s .  

second reason  t h a t  i t  was d i f f i c u l t  t o  v e r i f y  t h e  s i m u l a t i o n s  w i t h  t h e  

t e s t s  was t h e  way t h a t  w a t t s  and v a r s  were  measured i n  t h e  l a b  t e s t s .  
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.+- F i g u r e  3 . 2 - 1  shows a t y p i c a l  s e t u p  f o r  a l a b  t e s t .  

measured a t  l o c a t i o n  1 - o u t  o f  t h e  TESLACO and a t  l o c a t i o n  2 - i n t o  t h e  

l o a d .  No w a t t  and v a r  measurement was made a t  l o c a t i o n  3 - o u t  t o  t h e  

system. I t  was assumed t h a t  t h e  d i f f e r e n c e  between t h e  measurement a t  

l o c a t i o n  1 and t h e  measurement a t  l o c a t i o n  2 w o u l d  equa l  t h e  w a t t s  and v a r s  

o u t  t o  t h e  system. I d e a l l y  t h i s  w o u l d  be  t r u e .  However, t h e  TESLACO 

o p e r a t e s  a t  n e a r  u n i t y  power f a c t o r ,  and f o r  a number o f  t h e  t e s t s  t h e  l o a d  

was a l s o  n e a r  u n i t y  power f a c t o r .  

i t s  w o r s t  a c c u r a c y  a t  n e a r  u n i t y  power f a c t o r  c o n d i t i o n s .  

l a t e r  t h a t  under  t h e s e  c o n d i t i o n s  t h e  v a r  measurements c o u l d  have been o f f  by 

as  much as  40 v a r s .  T h e r e f o r e ,  t h e  c a l c u l a t e d  v a r s  o u t  t o  t h e  system c o u l d  

have been i n  e r r o r  b y  as much as  80 v a r s .  As p o i n t e d  o u t  i n  t h e  s e c t i o n  

d e s c r i b i n g  t h e  compu te r  s i m u l a t i o n s ,  t h e  run-on t i m e  i s  v e r y  s e n s i t i v e  t o  t h e  

amount o f  v a r  mismatch between l o a d  and g e n e r a t i o n  w i t h i n  t h e  i s l a n d .  When 

s i m u l a t i o n s  were made i n  an a t t e m p t  t o  match  t h e  l a b  t e s t s ,  t h e  v a r s  f l o w i n g  

o u t  t o  t h e  system i n  t h e  p r e - i s l a n d  c o n d i t i o n  were t r e a t e d  a s  a v a r i a b l e .  

W a t t s  and v a r s  were 

The t r a n s d u c e r  used t o  measure v a r s  had 

I t was e s t i m a t e d  

A t h i r d  reason t h a t  i t  was d i f f i c u l t  t o  v e r i f y  t h e  s i m u l a t i o n s  w i t h  t h e  l a b  

t e s t s  was t h a t  t h e  i n i t i a l  s i m u l a t i o n s  were made w i t h  a g e n e r i c  PV a r r a y  

model as i n p u t  t o  t h e  TESLACO. The l a b  t e s t s  were made w i t h  a dc power 

s u p p l y  used as i n p u t  t o  t h e  TESLACO. The I - V  c u r v e  f o r  t h e  a r r a y  used i n  

t h e  s i m u l a t i o n s  i s  shown i n  F i g u r e  3.2-2a.  The power s u p p l y  had a c u r r e n t  

l i m i t  c i r c u i t ,  w h i c h  had t o  be used t o  p r e v e n t  i t  f r o m  i n c r e a s i n g  i t s  power 

o u t p u t  d u r i n g  c r t a i n  t e s t s .  T h i s  r e s u l t e d  i n  n o t  b e i n g  a b l e  t o  r u n  t h e  

t e s t s  a t  t h e  f u  1 power o u t p u t  l e v e l  o f  t h e  TESLACO a t  w h i c h  t h e  s i m u l a t i o n s  

had been made. A l s o ,  a .46-ohm r e s i s t o r  was used between t h e  power s u p p l y  

and t h e  TESLACO t o  l i m i t  c u r r e n t  i n t o  t h e  TESLACO when i t  was i n  i t s  s t a r t - u p  



mode. 

i n p u t  t o  see i f  enough c u r r e n t  i s  a v a i l a b l e .  W i t h o u t  t h i s  r e s i s t o r ,  t h e  

c u r r e n t  f r o m  t h e  power s u p p l y  i s  enough t o  damage some r e l a y  c o n t a c t s  on t h e  

TESLACO. When new s i m u l a t i o n s  were made t o  match  t h e  l a b  t e s t s ,  a s i m p l e  

power s u p p l y  model was used i n s t e a d  o f  a PV a r r a y .  The model had an I - V  

c u r v e  t h a t  l o o k e d  l i k e  F i g u r e  3.2-2b.  I t  i s  n o t  known how w e l l  t h e  s i m p l e  

power s u p p l y  model r e p r e s e n t e d  t h e  a c t u a l  d e v i c e .  

One o f  t h e  checks  made by  t h e  TESLACO d u r i n g  s t a r t  up i s  t o  s h o r t  i t s  

The r e s u l t s  o f  t h e  l a b  t e s t s  a r e  summarized i n  T a b l e s  3 .2 -1  and 3.2-2. The 

r e s u l t s  o f  t h e  s i m u l a t i o n s  r u n  t o  match s e l e c t e d  l a b  t e s t  r e s u l t s  a r e  g i v e n  

i n  T a b l e  3.2-3 and 3.2-4.  These t a b l e s  show how s e n s i t i v e  t h e  run-on t i m e s  

a r e  t o  sma l l  changes i n  t h e  mismatch between v a r s  g e n e r a t e d  and v a r s  o f  l o a d  

w i t h i n  t h e  i s l a n d .  By v a r y i n g  t h e  v a r  mismatch  w i t h i n  t h e  i s l a n d ,  run-on 

t i m e s  were  o b t a i n e d  f r o m  t h e  s i m u l a t i o n s  t h a t  a r e  r e a s o n a b l y  c l o s e  ( w i t h i n  . 2  

seconds most  o f  t h e  t i m e )  t o  t h e  run-on t i m e s  o f  t h e  l a b  t e s t s .  

The compar ison o f  t e s t  s e r i e s  I A l V  t o  s e r i e s  IA2V i n  T a b l e  3 .2 -1  i l l u s t r a t e s  

why i t  was t h o u g h t  t h a t  t h e  v a r  measurements i n  t h e  l a b  t e s t s  were i n  e r r o r .  

T e s t  s e r i e s  I A l V  had a r e s i s t i v e  l o a d  t h a t  was matched t o  t h e  g e n e r a t i o n  o f  

t h e  TESLACO. S i n c e  t h e  i n s t r u m e n t s  showed t h e  TESLACO t o  be p r o d u c i n g  

between 44-116 v a r s ,  t h e  r e s u l t i n g  f l o w  f r o m  t h e  i s l a n d  t o  t h e  system p r i o r  

t o  d i s c o n n e c t i o n  was 0 w a t t s  and 44-116 v a r s .  The run-on t i m e s  were 1.0-1.3 

seconds e x c e p t  f o r  t e s t  I A l V - 7 ,  w h i c h  w i l l  be d i s c u s s e d  l a t e r .  T e s t  s e r i e s  

IA2V used l o a d s  t h a t  supposed ly  matched t h e  w a t t s  and v a r s  g e n e r a t e d  w i t h i n  

t h e  i s l a n d  so t h a t  t h e  n e t  o u t p u t  f r o m  t h e  i s l a n d  t o  t h e  system was 

a p p r o x i m a t e l y  0 w a t t s  and 0 v a r s .  These t e s t s  had run-on t i m e s  r a n g i n g  f r o m  

.89 t o  .96  seconds. These r e s u l t s  a r e  c o u n t e r  t o  i n t u i t i o n  and t o  computer  
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s i m u l a t i o n s .  It seems r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  l o n g e r  run-on t i m e  wou ld  

o c c u r  f o r  t h e  more b a l a n c e d  t e s t .  

show. Fo r  a case w i t h  t h e  w a t t  and v a r  l o a d  b a l a n c e d  w i t h i n  1 w a t t  and 1 v a r  

o f  t h e  g e n e r a t i o n ,  t h e  run-on t i m e  o b t a i n e d  was 1 . 5  seconds. When t h e  v a r  

f l o w  f r o m  t h e  i s l a n d  t o  t h e  system was a p p r o x i m a t e l y  50 v a r s ,  t h e  run-on  t i m e  

was .7 seconds, T h e r e f o r e ,  i t  appears  t h a t  f o r  t e s t  s e r i e s  I A Z V ,  t h e  v a r s  

were n o t  r e a l l y  ba lanced .  It appears  t h a t  t h e  v a r  mismatch f o r  t h i s  t e s t  

s e r i e s  was more l i k e  20-30 v a r s  i n s t e a d  o f  b e i n g  ba lanced .  For  t e s t  s e r i e s  

I A l V ,  t h e  v a r  mismatch was p r o b a b l y  more l i k e  10-15 v a r s  i n s t e a d  o f  44-116 

v a r s .  T e s t  I A l V - 7  is e x c e p t i o n a l  i n  t h a t  i t s  run-on  t i m e  was 2.65 seconds. 

T h i s  r e s u l t  wou ld  be expec ted  f o r  a t e s t  i n  w h i c h  t h e  l o a d  was v e r y  c l o s e l y  

matched t o  t h e  g e n e r a t i o n .  Because t h e  r e p o r t e d  v a r  mismatch f o r  t h i s  case 

was 94 v a r s ,  t h i s  t e s t  i m p l i e s  t h a t  t h e  measured v a r s  c o u l d  have been o f f  by 

as much as 94 v a r s .  

T h i s  i s  what  t h e  computer  s i m u l a t i o n s  

I n  o r d e r  t o  v e r i f y  t h i s  c o n c l u s i o n  some a u x i l i a r y  t e s t s  were made a t  Sand ia  

N a t i o n a l  L a b o r a t o r i e s  i n  A lbuquerque.  F o r  t h e s e  t e s t s  t h e  w a t t s  and v a r s  

f l o w i n g  f r o m  t h e  i s l a n d  t o  t h e  system were measured d i r e c t l y  t h e r e b y  a l l o w i n g  

more accu racy  i n  t h e i r  d e t e r m i n a t i o n .  A s e r i e s  o f  t e s t s  was made i n  w h i c h  

t h e  l o a d  w a t t s  matched t h e  w a t t s  g e n e r a t e d .  The v a r  mismatch ranged  f r o m  

-200 t o  456. The r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  3.2-3.  T h i s  s e r i e s  showed 

t h a t  t h e  l o n g e s t  run-on t i m e  was o b t a i n e d  when t h e  v a r  mismatch was n e a r  

z e r o .  A l s o  p l o t t e d  i n  t h i s  f i g u r e  i s  a c u r v e  o f  s i m u l a t i o n  r e s u l t s  made 

under  s i m i l a r  c o n d i t i o n s .  The s i m u l a t i o n  run-on  t i m e s  a r e  w i t h i n  .2 t o  . 3  

seconds o f  t h e  l a b  run-on  t i m e s ;  a r e a s o n a b l y  good match, T h e r e f o r e  t h e  

c o n c l u s i o n  i s  t h a t  most  of  t h e  d i f f e r e n c e  i n  run-on  t i m e  between t h e  
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computer  s i m u l a t i o n s  and t h e  o r i g i n a l  l a b  t e s t s  i s  due t o  v a r  measurement 

e r r o r  i n  t h e  o r i g i n a l  l a b  t e s t s .  

One t e s t  made a t  Sand ia  was n o t  p l o t t e d  i n  F i g u r e  3.2-3.  A run-on t i m e  o f  

3 . 8  seconds was o b t a i n e d  f o r  a t e s t  i n  w h i c h  t h e  w a t t  and v a r  mismatch was 

near  z e r o .  The t e s t  was r e p e a t e d  w i t h  t h e  same l o a d  s e v e r a l  t i m e s  and t h e  

l o n g e s t  run-on t i m e  t h a t  c o u l d  be ach  eved was o n l y  1 .6  seconds. A p p a r e n t l y ,  

f o r  one t e s t  t h e  b a l a n c e  between l o a d  and g e n e r a t i o n  was e x t r e m e l y  good. The 

3 . 8  second run-on was t h e  l o n g e s t  ach eved i n  any o f  t h e  l a b  t e s t s .  

Summary o f  Lab T e s t s  

The g e n e r a l  t r e n d s  seen i n  t h e  l a b  t e s t  r e s u l t s  were f o r  t h e  most  p a r t  t h e  

same t r e n d s  t h a t  were f o u n d  i n  t h e  s i m u l a t i o n s .  

1. The l a b  t e s t  run-on t i m e s  were f o u n d  t o  v a r y  w i t h  t h e  p o i n t  on t h e  

c u r r e n t  wave t h a t  i n t e r r u p t i o n  t o o k  p l a c e .  T h i s  e f f e c t  was more 

pronounced when t h e  l o a d  and g e n e r a t i o n  were c l o s e r  t o  b e i n g  

b a l  anced. 

2.  The make-up o f  t h e  l o a d  was n o t  a s i g n i f i c a n t  f a c t o r .  The n e t  w a t t  

and v a r  mismatch was t h e  p r e d o m i n a t e  f a c t o r  i n  d e t e r m i n i n g  run-on 

t i m e s .  T h i s  can be seen by compar ing cases IA2X, IC2 and ID2.  

These cases a l l  have 10% l e s s  l o a d  t h a n  g e n e r a t i o n  b u t  w i t h  

d i f f e r e n t  t y p e s  o f  l o a d .  The run-on t i m e s  a r e  v e r y  s i m i l a r .  
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3 .  The run-on t i m e s  f o r  t h e  l a b  t e s t s  were more s e n s i t i v e  t o  mismatches 

i n  v a r s  t h a n  t o  mismatches i n  w a t t s .  

4 .  When t h e  mismatch between l o a d  w a t t s  and w a t t s  o f  g e n e r a t i o n  becomes 

a p p r o x i m a t e l y  40% o r  l a r g e r ,  t h e  TESLACO w i l l  s h u t  down i m m e d i a t e l y  

( a p p r o x i m a t e l y  two c y c l e s ) .  When t h e  mismatch i n  l o a d  v a r s  t o  v a r s  

g e n e r a t e d  i s  g r e a t e r  t h a n  a p p r o x i m a t e l y  800 v a r s  ( o r  20% on t h e  

d e v i c e ' s  r a t i n g ) ,  t h e  TESLACO w i l l  s h u t  down i m m e d i a t e l y .  

5 .  The run-on t i m e s  were n o t  s i g n i f i c a n t l y  i n c r e a s e d  by  h a v i n g  more 

t h a n  one TESLACO i n  t h e  i s l a n d .  

One d i f f e r e n c e  between t h e  l a b  t e s t s  and t h e  s i m u l a t i o n s  was t h a t  no u n f o l d e r  

e r r o r s  o c c u r r e d  f o r  any o f  t h e  l a b  t e s t s .  I t  has a l r e a d y  been m e n t i o n e d  i n  

t h e  d i s c u s s i o n  o f  t h e  s i m u l a t i o n s  t h a t  u n f o l d e r  e r r o r s  were p r e v e n t e d  i n  t h e  

s i m u l a t i o n s  b y  h a v i n g  more i n d u c t a n c e  o r  c a p a c i t a n c e  i n  t h e  l o a d .  The amount 

o f  v a r s  t h a t  t h e  TESLACO produced when c o n n e c t e d  t o  t h e  u t i l i t y  i n  t h e  l a b  

t e s t s  i m p l i e s  t h a t  t h e  u n i t  had more i n t e r n a l  i n d u c t a n c e  t h a n  i s  r e p r e s e n t e d  

i n  t h e  computer  mode l .  

w i l l  s u p p l y  between 300 and 400 v a r s  t o  t h e  u t i l i t y .  I n  t h e  l a b  t e s t s  t h e  

u n i t  s u p p l i e d  anywhere f r o m  0 t o  100 v a r s .  The i m p l i c a t i o n  i s  t h a t  t h e r e  i s  

i n t e r n a l  i n d u c t a n c e  i n  t h e  TESLACO t h a t  consumes v a r s .  P a r t  o f  t h i s  o c c u r s  

i n  a c i r c u i t  t h a t  s u p p l i e s  power t o  a f a n .  One measurement i n  t h e  l a b  

i n d i c a t e d  t h a t  t h i s  f a n  consumed a r o u n d  70 v a r s .  T h i s  f a n  was n o t  o r i g i n a l l y  

a c c o u n t e d  f o r  i n  t h e  computer  model .  When t h e  s i m u l a t i o n s  were r e r u n  t o  t r y  

t o  match  t h e  l a b  t e s t s ,  an i n t e r n a l  i n d u c t a n c e  was added t o  t h e  computer  t o  

make t h e  v a r  o u t p u t  o f  t h e  model equa l  t o  t h e  v a r  o u t p u t  measured i n  t h e  

l a b .  T h i s  i n t e r n a l  i n d u c t a n c e  e l i m i n a t e d  u n f o l d e r  e r r o r s  i n  most  o f  t h e  

s i m u l a t i o n s .  

A t  r a t e d  c o n d i t i o n s  t h e  computer  model o f  t h e  TESLACO 
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3.3  Gemini S t a t i c  Power C o n v e r t e r  L a b o r a t o r y  T e s t s  

The purpose o f  t h e  l a b o r a t o r y  exper imen ts  was t o  v e r i f y  t h e  EMTP computer  

model o f  t h e  Gemini c o n v e r t e r  and a i d  i n  d e t e r m i n i n g  t h e  cases t h a t  s h o u l d  be 

r u n  i n  t h e  f i e l d  t e s t s .  The r e s u l t s  o f  t h e  l a b  t e s t s  a r e  g i v e n  i n  T a b l e  3 .3 -1 .  

Comparison o f  R e s i s t i v e  O n l y  Load Cases 

The s i m u l a t i o n s  and l a b  t e s t s  a r e  i n  agreement .  The Gemin i  u n i t  s h u t  down i n  

l e s s  t h a n  one c y c l e  i n  a l l  cases .  A s  d i s c u s s e d  e a r l i e r ,  t h e  Gemini r e q u i r e s  

v a r  s u p p o r t  f r o m  a n e t  c a p a c i t i v e  l o a d  t o  s u s t a i n  i s l a n d i n g .  F i g u r e s  3 .3 -1  

and 3.3-2 g i v e  a compar ison o f  l a b  and s i m u l a t i o n  shutdown f o r  t h i s  t y p e  o f  

l o a d i n g  case.  

Comparison o f  Cases w i t h  V a r y i n g  Wat t  Load Mismatch  

The s i m u l a t i o n  and l a b  t e s t  r e s u l t s  a r e  n o t  i n  e x a c t  agreement .  T a b l e  3 .3 -2  

compares t h e  o r i g i n a l  s i m u l a t i o n s  w i t h  l a b  t e s t s  f o r  cases  w i t h  t h e  r e s i s t i v e  

l o a d  b e i n g  v a r i e d  and t h e  r e a c t i v e  l o a d  h e l d  c o n s t a n t  equa l  t o  t h e  G e m i n i ' s  

r e a c t i v e  r e q u i r e m e n t .  One reason  f o r  t h i s  d i s c r e p a n c y  i s  t h e  method used i n  

t h e  l a b  t e s t  t o  d e t e r m i n e  a b a l a n c e d  case.  I n  t h e  l a b  t e s t s  w a t t  and v a r  

m e t e r s  were l o c a t e d  on t h e  o u t p u t  o f  t h e  Gemini and t h e  i n p u t  t o  t h e  l o a d  as  

shown i n  F i g u r e  3.2-1.  The case was d e t e r m i n e d  t o  be "ba lanced"  when t h e  t w o  

w a t t  and v a r  r e a d i n g s  were  e q u a l .  T h i s  p r o c e d u r e  r e s u l t e d  i n  l o a d s  t h a t  were 

t o o  l a r g e  when t h e  i s l a n d  was formed.  The reason  i s  due t o  t h e  harmon ics  

p roduced by t h e  Gemin i .  

r e a d i n g  a power l e v e l  t h a t  i n c l u d e d  t h e  e f f e c t s  o f  t h e  ha rmon ics .  The 

The t r a n s d u c e r  on t h e  o u t p u t  o f  t h e  Gemin i  was 
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FIGURE 3,3-1 SIMULATION CASE G _ I , A , L A ,  
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t r a n s d u c e r  on t h e  l o a d  was measur ing  a power l e v e l  t h a t  d i d  n o t  have as much 

harmonic  c o n t e n t .  As a r e s u l t  t h e r e  was a s i g n i f i c a n t  w a t t  and v a r  mismatch a t  

t h e  u t i l i t y  s w i t c h  when i t  was opened. 

The r e s u l t s  o f  t h e  i s l a n d i n g  t e s t s  i n  t h e  l a b  v a r i e d  a g r e a t  d e a l  between t h e  

c o n t i n u o u s  and d i s c o n t i n u o u s  c u r r e n t  mode c a s e s .  T h e r e f o r e ,  t h e  two w i l l  be 

d i s c u s s e d  s e p a r a t e l y .  I n  t h e  c o n t i n u o u s  c u r r e n t  mode, t h e  l a b  t e s t s  i n d i c a t e d  

t h a t  t h e  Gemini  wou ld  i s l a n d  i n d e f i n i t e l y  as p r e d i c t e d  b y  t h e  s i m u l a t i o n s .  

The change i n  t e r m i n a l  v o l t a g e  magn i tude and f r e q u e n c y  when t h e  i s l a n d  reached 

a s t e a d y - s t a t e  c o n d i t i o n  was n o t  t h e  same as  p r e d i c t e d  by  t h e  s i m u l a t i o n s .  The 

1 a b o r a t Q r y  b a l a n c e d  case t e r m i n a l  v o l t a g e  dropped f o l l o w i n g  t h e  o p e n i n g  o f  t h e  

u t i l i t y  d i s c o n n e c t  s w i t c h ,  w h i c h  i n d i c a t e s  t h a t  t h e  l o c a l  w a t t  l o a d  was n o t  

matched. A s i m i l a r  r e s u l t  was n o t e d  i n  t h e  s i m u l a t i o n s  b u t  t h e  d r o p  was n o t  as 

g r e a t .  The t e r m i n a l  v o l t a g e  i n  t h e  l a b  e x p e r i m e n t s  a l s o  dropped when t h e  

i s l a n d  l o a d  was 10% l e s s  t h a n  g e n e r a t i o n ,  w h i c h  i n d i c a t e s  t h a t  t h e  e r r o r  caused 

by  t h i s  measurement method was g r e a t e r  t h a n  10%. Our c a l c u l a t i o n s ,  based on 

t h e  change i n  t e r m i n a l  v o l t a g e ,  e s t i m a t e  t h a t  t h e  i s l a n d  l o a d  was a c t u a l l y  15% 

l a r g e r  t h a n  a b a l a n c e d  l o a d  s h o u l d  have been. The r e s u l t s  i n  T a b l e  3 .3 -2  Case 

G-1 .A. l .b  f o r  t h e  l a b  t e s t s  i n d i c a t e  a d r o p  i n  t e r m i n a l  v o l t a g e  t o  93% o f  t h e  

p r e - i s l a n d  v a l u e ,  and t h e  s i m u l a t i o n s  d i d  n o t  demonst ra te  a change i n  v o l t a g e .  

I f  t h e  d r o p  i n  v o l t a g e  o f  .07 pu  i s  assumed f o r  a l l  o f  t h e  s i m u l a t i o n  r e s u l t s  

as  a c o n s t a n t  o f f s e t ,  t h e  change i n  v o l t a g e  r e s u l t s  match t h o s e  measured i n  t h e  

l a b .  The s i m u l a t i o n s  i n d i c a t e d  t h a t  f o r  a " b a l a n c e d  l o a d "  case t h e  f r e q u e n c y  

i n  t h e  i s l a n d  s h o u l d  n o t  change much f r o m  t h e  60-Hz p r e - i s l a n d  v a l u e .  The 

s i m u l a t i o n s  f u r t h e r  i n d i c a t e d  t h a t  changes i n  t h e  w a t t  l o a d  ( w a t t  mismatches)  

d i d  n o t  cause t h e  f r e q u e n c y  t o  v a r y  s i g n i f i c a n t l y  f r o m  60 Hz when i s l a n d i n g .  

I n  t h e  l a b  t e s t  b a l a n c e d  case,  t h e  f r e q u e n c y  changed t o  6 3 . 5  Hz, w h i c h  
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- 
i n d i c a t e s  t h a t  t h e  v a r s  were n o t  b a l a n c e d  i n  t h e  l a b  t e s t s .  However, t h e  

f r e q u e n c y  f o r  t h e  ~ 1 0 %  l o a d  cases a l s o  changed t o  63 .5  Hz,  w h i c h  d e m o n s t r a t e s  

t h a t  w a t t  mismatches do n o t  a f f e c t  f r e q u e n c y  s i g n i f i c a n t l y .  

d i f f i c u l t  t o  b a l a n c e  and m a i n t a i n  a b a l a n c e  o f  v a r s  i n  t h e  l a b o r a t o r y .  I n s t e a d  

o f  r e r u n n i n g  t h e  l a b o r a t o r y  t e s t s ,  a w a t t  and v a r  t r a n s d u c e r  was modeled w i t h  

EMTP. The EMTP w a t t  m e t e r  was a l s o  t r i c k e d  by t h e  harmon ics ,  t h u s  d e m o n s t r a t i n g  

t h e  prob lems e x p e r i e n c e d  i n  t h e  l a b .  

It i s  v e r y  

The l a b o r a t o r y  t e s t s  f o r  t h e  d i s c o n t i n u o u s  c u r r e n t  mode show t h e  same d i f f i c u l t y  

i n  d e t e r m i n i n g  a b a l a n c e d  case.  The r e s o l u t i o n  o f  t h e s e  d i s c r e p a n c i e s  between 

l a b  t e s t  and s i m u l a t i o n s  i s  t h e  same as d e s c r i b e d  f o r  t h e  c o n t i n u o u s  c u r r e n t  

mode cases .  However, t h e  d i s c o n t i n u o u s  c u r r e n t  mode cases gave an  unexpected  

r e s u l t .  The Gemini  s h u t  down a f t e r  a run-on  t i m e  much l i k e  t h e  TESLACO's.  The 

reason f o r  t h i s  appears t o  be due t o  t h e  s a t u r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  

350/240V step-down t r a n s f o r m e r  and a presumed mismatch o f  impedances i n  t h e  

G e m i n i ' s  SCRs .  When t h e  Gemini  i s  c o n n e c t e d  t o  t h e  u t i l i t y  system, t h e  u t i l i t y  

source  f o r c e s  t h e  t e r m i n a l  v o l t a g e  t o  be s y m m e t r i c a l  60 Hz. When t h e  i s l a n d  i s  

formed,  t h i s  i s  no l o n g e r  t r u e  and t h e  G e m i n i ' s  o u t p u t  v o l t a g e  c o n t a i n s  a dc 

o f f s e t  t h a t  i s  most  pronounced i n  t h e  d i s c o n t i n u o u s  mode o f  o p e r a t i o n .  The 

o u t p u t  c u r r e n t  i s  o f f s e t  and t h i s  causes t h e  t r a n s f o r m e r  t o  become f u r t h e r  and 

f u r t h e r  s a t u r a t e d  d u r i n g  one h a l f - c y c l e  o f  t h e  v o l t a g e ,  w h i l e  o p e r a t i n g  i n  t h e  

l i n e a r  r e g i o n  on t h e  o t h e r  h a l f - c y c l e .  The source  o f  t h e  dc o f f s e t  i s  n o t  

known. One p o s s i b i l i t y  i s  an unba lance i n  t h e  SCR impedances o f  t h e  Gemin i .  

I n  o u r  r e v i s e d  s i m u l a t i o n s  we modeled b o t h  t h e  unba lanced SCR impedances t h a t  

c o u l d  p roduce t h e  i n i t i a l  d c  o f f s e t  and t h e  s a t u r a t i o n  c h a r a c t e r i s t i c  f o r  t h e  

step-down t r a n s f o r m e r .  F i g u r e s  3 .3 -3  and 3 .3-4  a r e  a compar ison between a 

d i s c o n t i n u o u s  c u r r e n t  mode l a b  t e s t  t h a t  s h u t  down and an EMTP s i m u l a t i o n .  
I 
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The EMTP s i m u l a t i o n  s h u t  down i n  a s i m i l a r  manner w i t h  a l o n g e r  run-on t i m e .  

The run-on t i m e  i s  dependent  on wha teve r  i s  p r o d u c i n g  t h e  dc o f f s e t  and t h e  

t r a n s f o r m e r  s a t u r a t i o n  c h a r a c t e r i s t i c ,  w h i c h  wou ld  v a r y  f r o m  u n i t  t o  u n i t .  

T h e r e f o r e ,  we d id  n o t  expend any more e f f o r t  t o  e x a c t l y  match  t h e  l a b  r e s u l t .  

A l t h o u g h  t h e  l a b  t e s t s  i m p l y  t h a t  t h e  Gemini must  be i n  t h e  c o n t i n u o u s  c u r r e n t  

mode o f  o p e r a t i o n  f o r  i n d e f i n i t e  runon  t o  occu r ,  t h e  r e s u l t  may n o t  a p p l y  t o  

a l l  Gemin is .  I t  i s  s p e c u l a t e d  t h a t  some Gemini u n i t s  wou ld  n o t  p roduce enough 

dc o f f s e t  t o  cause a shutdown. 

Comparison of  V a r y i n g  Var  Load Mismatch  Cases 

A compar isan between l a b  t e s t s  and s i m u l a t i o n s  o f  b a l a n c e d  l o c a l  w a t t  l o a d  w i t h  

v a r i a t i o n s  i n  t h e  l o c a l  v a r  l o a d  i s  g i v e n  i n  T a b l e  3 . 3 - 3 .  The s i m u l a t i o n s  

p r e d i c t e d  t h a t  t h e  v a r  mismatches wou ld  cause changes i n  f requency  f r o m  60 Hz 

a f t e r  i s l a n d i n g .  The s i m u l a t i o n s  a l s o  i n d i c a t e d  t h a t  t h e  t e r m i n a l  v o l t a g e  

magn i tude wou ld  n o t  change s i g n i f i c a n t l y  a f t e r  t h e  i s l a n d  was a l l o w e d  t o  r e a c h  

s teady  s t a t e .  However, a t r a n s i e n t  v o l t a g e  change o c c u r r e d  when t h e  i s l a n d  was 

c r e a t e d .  I f  t h e  v a r s  a v a i l a b l e  f r o m  t h e  l o c a l  l o a d  a r e  a g r e a t  d e a l  l e s s  t h a n  

t h e  G e m i n i ' s  v a r  r e q u i r e m e n t ,  t h e  t r a n s i e n t  v o l t a g e  d i p  may be enough t o  cause 

t h e  l o w  v o l t a g e  c o n t r g l  c i r c u i t r y  t o  t r i p  t h e  u n i t .  T h i s  o c c u r r e d  i n  o u r  50% 

l e s s  v a r s  case i n  t h e  s i m u l a t i o n s  and l a b  t e s t .  A s e r i e s  o f  l a b  t e s t s  was r u n  

wh ich  i n d i c a t e d  t h a t  l o c a l  l o a d s  p r o v i d i n g  more t h a n  a p p r o x i m a t e l y  50% t o  75% 

o f  t h e  v a r  r e q u i r e m e n t  r e s u l t e d  i n  i n d e f i n i t e  run-on  f o r  t h e  c o n t i n u o u s  c u r r e n t  

mode cases .  The s i m u l a t i o n s  i n d i c a t e d  t h e s e  same t r e n d s .  I f  "ba lanced  l o a d "  

e r r o r  c o r r e c t i o n s  t o  t h e  s t e a d y - s t a t e  v a l u e s  a r e  assumed s i m i l a r  t o  t h o s e  f o r  

t h e  w a t t  mismatch cases,  t h e  s i m u l a t i o n  and l a b  r e s u l t s  a r e  i n  agreement .  
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Conclusions from Gemini Laboratory Tests 

The following conclusions were made when reviewing the lab results and 

comparing them to the computer simulations. 

1. When operating in continuous current mode the lab results and simulations 

match very well. 

2 .  When operating i n  discontinuous current mode in  the lab the Gemini shut 

down after a short run-on time. This did not agree with initial 

simulations. The shutdown was the result of saturating the 350/240V 

step-down transformer. The computer model was revised and gave a similar 

shutdown. 

3 .  The watt and var mismatch at the island boundary was calculated as the 

difference between Gemini output and load consumption. This method did 

not work well due to the harmonics being produced by the Gemini. 

The technique used to determine a balanced case needs to be improved for the 

field tests. The field tests are expected to confirm that there are 

load/generation combinations in which the Gemini will island indefinitely, 

that local var support of 50% or less will cause the unit to shut down 

immediately, and that a real-world island can be sustained as the solar 

insolation and typical residential loads are varied. 
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3 . 4  Comb ina t ions  o f  TESLACO and Gemini  S t a t i c  Power C o n v e r t e r  

L a b o r a t o r y  T e s t s  

A l i m i t e d  number o f  l a b  t e s t s  were r u n  u s i n g  b o t h  a TESLACO 

s t a t i c  power c o n v e r t e r .  A summary o f  t h e s e  t e s t s  i s  g i v e n  

These t e s t s  were chosen t o  be s i m i l a r  t o  t h e  s i n g l e  TESLACO 

Gemini  

e 3.4-1.  

n g l e  Gemini  

t e s t s  t h a t  were per fo rmed.  

matched t o  g e n e r a t i o n  b u t  had no c a p a c i t i v e  l o a d  t o  s u p p l y  t h e  v a r  

r e q u i r e m e n t  o f  t h e  Gemin i .  I n  t h e  s i n g l e  Gemini  s i m u l a t i o n s  and t e s t s ,  t h e  

Gemini  s h u t  down i m m e d i a t e l y  i f  t h e  l o a d  d i d  n o t  s u p p l y  any v a r s .  A l s o  i n  

t h e  s i n g l e  TESLACO s i m u l a t i o n s  and t e s t s ,  t h e  TESLACO s h u t  down i m m e d i a t e l y  

whenever t h e  m ismatch  between v a r s  g e n e r a t e d  and v a r  l o a d  exceeded 800 v a r s .  

T h e r e f o r e ,  i n  t h e  f i r s t  c o m b i n a t i o n  t e s t  b o t h  u n i t s  s h u t  down i m m e d i a t e l y  as 

expec ted .  

The f i r s t  t e s t  (G-T-IA1) had r e s i s t i v e  l o a d  

I 

The r e m a i n d e r  o f  t h e  t e s t s  had r e l a t i v e l y  s m a l l  mismatches between w a t t s  and 

v a r s  g e n e r a t e d  and w a t t s  and v a r s  o f  t h e  l o a d .  These t e s t s  r a n  on f o r  s h o r t  

p e r i o d s  o f  t i m e  u n t i l  t h e  TESLACO r e a c h e d  6' o f  phase e r r o r  and s h u t  down. 

A f t e r  i t  s h u t  down t h e  w a t t s  l o a d  i n  t h e  i s l a n d  was more t h a n  t w i c e  what  t h e  

Gemini  c o u l d  s u p p l y .  T h e r e f o r e ,  t h e  v o l t a g e  dropped a p p r e c i a b l y  and t h e  

G e m i n i ' s  l o w  v o l t a g e  s e n s i n g  c i r c u i t s  s h u t  i t  down a p p r o x i m a t e l y  one c y c l e  

a f t e r  t h e  TESLACO d i d .  Thus, t h e  TESLACO c o n t r o l l e d  t h e  d u r a t i o n  o f  t h e  

i s l a n d .  Because o f  t h i s ,  t h e  comments made i n  S e c t i o n  2 . 2  c o n c e r n i n g  t h e  

e f f e c t  o f  w a t t  and v a r  m ismatch  on t h e  run-on t i m e  o f  t h e  TESLACO appear  t o  

h o l d  t r u e  f o r  i s l a n d s  w i t h  b o t h  a TESLACO and a Gemin i .  The amount o f  w a t t s  

mismatch i n  t h e  i s l a n d  d e t e r m i n e s  what  t h e  v o l t a g e  change w i l l  be when t h e  

i s l a n d  i s  fo rmed.  As d e s c r i b e d  i n  S e c t i o n  2 . 2 ,  t h i s  v o l t a g e  change produces  

and a 

n Tab 

and s 
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a phase e r r o r  i n  t h e  phase- locked  l o o p  o f  t h e  TESLACO. 

w i l l  m o d i f y  t h e  v a r  r e q u i r e m e n t  o f  t h e  Gemini  and t h e r e b y  c o n t r i b u t e  t o  t h e  

v a r  mismatch t n  t h e  i s l a n d .  The v a r  mismatch produces  a phase s h i f t  i n  t h e  

t e r m i n a l  v o l t a g e  o f  t h e  TESLACO, w h i c h  i s  a l s o  seen as  a phase e r r o r  i n  t h e  

phase- locked l o o p .  These two e r r o r s  can r e i n f o r c e  each o t h e r  and r e s u l t  i n  a 

r e l a t i v e l y  s h o r t  run-on t i m e  o r  t h e y  can c a n c e l  each o t h e r  and r e s u l t  i n  a 

r e l a t i v e l y  l o n g  run-on t i m e .  

a r e  compared t o  t h e  c o r r e s p o n d i n g  s i n g l e  TESLACO t e s t s  ( T a b l e  3.2-1,  t e s t s  

I A l X  t h r a u g h  IA3X and I C 6 ) ,  t h e  run-on t i m e s  a r e  n o t  v e r y  d i f f e r e n t ,  

The v o l t a g e  change 

I f  t h e  r e s u l t s  o f  t e s t s  G-T-IA2 t h r o u g h  G-T-IA6 

c o n s i d e r i n g  t h e  f a c t  t h a t  t h e  w a t t  and v a r  mismatches a r e  o n l y  a p p r o x i m a t e l y  

t h e  same f o r  t h e  c o r r e s p o n d i n g  t e s t s .  

T e s t  G-T- IBI  i n c l u d e d  a l -Hp m o t o r  as  p a r t  o f  t h e  l o a d .  F o r  t h i s  t e s t  t h e  

w a t t  and v a r  mismatch i n  t h e  i s l a n d  was supposed t o  be a p p r o x i m a t e l y  z e r o .  

The measured mismatch was -200 w a t t s  and -24 v a r s .  The i s l a n d  p e r s i s t e d  f o r  

1 .9  seconds. 

t h e  TESLACO phase- locked l o o p  t h a t  t e n d e d  t o  c a n c e l  and t h e r e f o r e  produced a 

r e l a t i v e l y  l o n g  run-on t i m e .  

A p p a r e n t l y  t h e  w a t t  and v a r  mismatches produced phase e r r o r s  i n  

S i m u l a t i o n s  c o r r e s p o n d i n g  t o  t h e  l a b  t e s t s  were r u n  f o r  o n l y  one o f  t h e  

c o m b i n a t i o n  TESLACO and Gemini  t e s t s .  T h a t  was t h e  t e s t  G-T-IA2, w h i c h  had 

w a t t  and v a r  l o a d  matched t o  w a t t  and v a r  g e n e r a t i o n .  The run-on t i m e s  

o b t a i n e d  i n  t h e  s i m u l a t i o n  were 1.028 seconds f o r  t h e  TESLACO and 1.039 

seconds f o r  t h e  Gemin i .  T h i s  compares v e r y  w e l l  w i t h  t h e  l a b  t e s t  r e s u l t s .  
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I V .  FIELD EXPERIMENTS 

.- 

The o b j e c t i v e  o f  t h e  f i e l d  e x p e r i m e n t s  was t o  d e t e r m i n e  whe the r  t h e  i s l a n d i n g  

windows d e t e r m i n e d  by s i m u l a t i o n s  and l a b  t e s t s  were p h y s i c a l l y  p o s s i b l e  i n  a 

f i e l d  e n v i r o n m e n t  w h e r e i n  a p h o t o v o l t a i c  a r r a y  and normal  house l o a d s  were 

used f o r  t h e  SPC t e s t i n g .  

4 . 1  D e s c r i p t i o n  o f  t h e  F i e l d  T e s t  Set-Up 

Shenandoah T e s t s  - To v a l i d a t e  whe the r  t h e  r e s u l t s  o b t a i n e d  i n  t h e  l a b o r a t o r y  

e x p e r i m e n t s  a c t u a l l y  r e p r e s e n t  a r e a l - w o r l d  c o n d i t i o n ,  t h e  d a t a  a c q u i s i t i o n  

sys tem and t e s t  b o a r d  were moved t o  t h e  S o l a r  Research C e n t e r  a t  Shenandoah 

f o r  s i n g l e  se l f -commuta ted  SPC and s i n g l e  l i ne -commuta ted  SPC t e s t s .  

The t e s t s  were p e r f o r m e d  by u s i n g  t h e  t w o - a x i s  t r a c k i n g  p h o t o v o l t a i c  a r r a y  

w h i c h  c o n s i s t s  o f  64 s i n g l e - c r y s t a l  p h o t o v o l t a i c  modu les .  The p h o t o v o l t a i c  

a r r a y  p roduces  4 kW a t  peak o p e r a t i n g  c o n d i t i o n s .  The modules were 

m a n u f a c t u r e d  by So lec  I n t e r n a t i o n a l  I n c .  

TVA T e s t s  

T e s t  F a c i  1 

mounted on 

The main  f i e l d  t e s t s  were p e r f o r m e d  a t  t h e  TVA Energy  Research 

t y  i n  Chat tanooga,  w h i c h  i n c l u d e s  f o u r  4-kW p h o t o v o l t a i c  i r r a y s  

t h e  r o o f s  o f  f o u r  houses .  The p h o t o v o l t a i c  a r r a y s  a r e  f i x e d  

1 o f  them a r e  g r i d - i n t e r c o n n e c t e d  by means o f  

1 o f  t h e  houses a r e  s e r v e d  f r o m  a s i n g l e  

The a v a i l a b l e  a r r a y  power i s  u t i l i z e d  t o  meet t h e  

f l a t e - p l a t e  a r r a y s  and a 

se l f - commuta ted  SPCs. A 

d i s t r i b u t i o n  t r a n s f o r m e r  



l o c a l  l o a d s  o f  t h e  r e s i d e n c e  on w h i c h  t h e  a r r a y  i s  mounted. The l o c a l  l o a d s  

c o n s i s t  o f  HVAC, l i g h t i n g ,  ranges ,  and a t t i c  f a n s .  

The f i e l d  t e s t s  were d i v i d e d  i n t o  two s t a g e s .  Stage I t e s t s  were s i n g l e - u n i t  

TESLACO, Gemin i ,  and APCC SPCs, and Stage I1 t e s t s  were m u l t i p l e - u n i t  t e s t s  

u s i n g  f o u r  houses w i t h  d i f f e r e n t  mixes  o f  TESLACO and Gemini  SPCs. 

s o l a r  t e s t  f a c i l i t y  a t  TVA had no means o f  d i s c o n n e c t i n g  t h e  houses f r o m  t h e  

u t i l i t y  s u p p l y  o t h e r  t h a n  t h e  d i s c o n n e c t  s w i t c h  i n  each house, a t e s t  

d i s t r i b u t i o n  system was c r e a t e d .  T h i s  d i s t r i b u t i o n  system was a 4 8 0 - v o l t  bus 

f e d  w i t h  t h e  same 25-KVA t r a n s f o r m e r  used i n  t h e  t e s t  system o f  t h e  

l a b o r a t o r y  e x p e r i m e n t s .  

S i n c e  t h e  

4 .1 .1  C o n s t r u c t i o n  o f  t h e  F i e l d  T e s t  Set-Up 

The t e s t  s e t  up f o r  t h e  Shenandoah t e s t s  was t h e  same as  t h e  set -up f o r  t h e  

l a b o r a t o r y  e x p e r i m e n t s .  

i n  S o l a r  House #2 a t  Chat tanooga a r e  shown i n  t h e  d i a g r a m  o f  F i g u r e  4.1-1 

(S tage I ) .  The d i s t r i b u t i o n  system and hook-up f o r  t h e  r e m a i n i n g  e x p e r i m e n t s  

a t  TVA a r e  shown i n  F i g u r e  4.1-2 (S tage 11). 

The c o n n e c t i o n s  f o r  t h e  s i n g l e - u n i t  t e s t s  c o n d u c t e d  

4.1.2 T e s t  Procedures  

The c a l i b r a t i o n  p r o c e d u r e s ,  t e s t  p r o c e d u r e s ,  and d o c u m e n t a t i o n  p r a c t i c e s  were 

i d e n t i c a l  t o  t h o s e  used i n  t h e  l a b o r a t o r y  e x p e r i m e n t s .  
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4.2 TESLACO S t a t i c  Power C o n v e r t e r  F i e l d  T e s t s  

S e v e r a l  i s l a n d i n g  f i e l d  t e s t s  were p e r f o r m e d  w i t h  a TESLACO s t a t i c  power 

c o n v e r t e r  a t  Shenandoah and a t  Chat tanooga.  

s i m i l a r  t o  t h o s e  a l r e a d y  made i n  t h e  l a b  and s i m i l a r  t o  t h e  computer  

s i m u l a t i o n s .  The m a j o r  d i f f e r e n c e  between t h e s e  f i e l d  t e s t s  and t h e  l a b  t e s t s  

was t h a t  a c t u a l  PV a r r a y s  were used i n  t h e  f i e l d  t e s t s  t o  s u p p l y  dc i n p u t  power 

t o  t h e  SPC. 

The t y p e s  o f  t e s t s  p e r f o r m e d  were 

t h e  l a b  t e s t s  

two l o c a t i o n s  

g i v e n  i n  S e c t  

i s l a n d  t o  t h e  

T a b l e  4 .2 -1  g i v e s  t h e  r e s u l t s  o f  t h e  s i n g l e - u n i t  f i e l d  t e s t s  made a t  

Shenandoah. These were r e s i s t i v e  l o a d  o n l y  t e s t s  w i t h  o n l y  t h r e e  b a s i c  t y p e s  

o f  t e s t s :  w a t t s  l o a d  matched t o  w a t t s  genera ted ,  w a t t s  l o a d  10% l e s s  t h a n  

w a t t s  genera ted ,  and w a t t s  l o a d  10% more t h a n  w a t t s  g e n e r a t e d .  The l o a d  used 

f o r  t h e s e  t e s t s  was t h e  same v a r i a b l e  r e s i s t o r  t h a t  had p r e v i o u s l y  been used i n  

As was t r u e  i n  t h e  l a b  t e s t s ,  w a t t s  and v a r s  were measured i n  

-- o u t  o f  t h e  TESLACO and i n t o  t h e  l o a d .  F o r  t h e  same reasons  

on 3 .2 ,  i t  was f e l t  t h a t  t h e  c a l c u l a t e d  v a r s  f l o w i n g  f r o m  t h e  

system c o u l d  have been i n  e r r o r  by as much as  80-90 v a r s .  More 

computer  s i m u l a t i o n s  were  made t o  t r y  t o  match  t h e  f i e l d  t e s t  r e s u l t s .  I n  

t h e s e  s i m u l a t i o n s  t h e  v a r  o u t p u t  f r o m  t h e  i s l a n d  t o  t h e  sys tem was t r e a t e d  a s  a 

v a r i a b l e .  A l s o ,  t h e  s i m u l a t i o n s  were made w i t h  t h e  s w i t c h  open ing  t o  c r e a t e  

t h e  i s l a n d  a t  t h e  same p o i n t  on t h e  c u r r e n t  wave as t h e  l a b  t e s t s  d i o .  T a b l e  

4.1-2 g i v e s  t h e  r e s u l t s  o f  t h e s e  s i m u l a t i o n s .  From t h i s  t a b l e  i t  can be seen 

t h a t  t h e  s i m u l a t e d  run-on t i m e s  were v e r y  c l o s e  t o  t h e  f i e l d  t e s t  run -on  t i m e s  

c u l a t e d  v a r s  o u t  t o  t h e  system were v a r i e d  by as much a s  70 t o  80 

o n g e s t  run-on  t i m e  o b t a i n e d  f o r  t h i s  s e r i e s  o f  t e s t s  was 1 . 2  

when t h e  ca 

v a r s .  The 

seconds.  
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Severa l  s i n g l e  TESLACO i s l a n d i n g  f i e l d  t e s t s  were a l s o  made a t  Chat tanooga.  

These t e s t s  were r e s i s t i v e  l o a d  o n l y  t e s t s  o f  t h e  same t h r e e  t y p e s  as  were 

done a t  Shenandoah: w a t t s  l o a d  matched t o  w a t t s  genera ted ,  w a t t s  l o a d  10% 

l e s s  t h a n  w a t t s  g e n e r a t e d  and w a t t s  l o a d  10% more t h a n  w a t t s  g e n e r a t e d  

r e s u l t s  o f  t h e s e  t e s t s  a r e  g i v e n  i n  T a b l e  4.2-3. 

made t o  t r y  t o  match t h e s e  t e s t s  by v a r y i n g  t h e  v a r s  f l o w i n g  f r o m  t h e  

t o  t h e  system. The r e s u l t s  of  t h e s e  s i m u l a t i o n s  a r e  shown i n  T a b l e  4.2-4.  A 

good match  o f  t h e  f i e l d  t e s t s  was o b t a i n e d .  The l o n g e s t  run-on  t i m e  measured 

i n  t h e s e  t e s t s  a t  Chat tanooga was 1 .0  second. 

The 

Computer s i m u l a t i o n s  were 

s l a n d  

A l s o  a t  Chat tanooga s e v e r a l  s i n g l e  TESLACO t e s t s  were made u s i n g  t h e  l o a d s  

a v a i l a b l e  i n  t h e  P V  houses where t h e  t e s t s  were b e i n g  made. The l o a d s  

p r i m a r i l y  used were r e s i s t i v e  t y p e  such as  i n c a n d e s c e n t  l i g h t s ,  e l e c t r i c  

r e s i s t a n c e  h e a t e r s ,  and an  e l e c t r i c  range .  One t e s t  was made w i t h  a window 

u n i t  a i r  c o n d i t i o n e r  ( r e s i s t i v e  and i n d u c t i v e  t y p e  l o a d ) .  In a l l  o f  t h e s e  

t e s t s  t h e  t o t a l  l o a d  w i t h i n  t h e  i s l a n d  was b a l a n c e d  t o  t h e  t o t a l  g e n e r a t i o n  

by  a d d i n g  l a b  t y p e  r e s i s t a n c e  and c a p a c i t a n c e  t o  t h e  l o a d s  i n  t h e  P V  house.  

The r e s u l t s  o f  t h e  t e s t s  a r e  g i v e n  i n  T a b l e  4.2-3.  I n  g e n e r a l  t h e s e  t e s t s  

had s h o r t e r  run-on t i m e s  t h a n  t h e  t e s t s  t h a t  u t i l i z e d  o n l y  l a b  t y p e  l o a d s .  

The " r e a l "  l o a d s  tended  t o  be more v a r i a b l e  t h a n  t h e  l a b  t y p e  l o a d s ,  t h e r e b y  

making i t  h a r d e r  t o  m a i n t a i n  a good match  between l o a d  and g e n e r a t i o n .  
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4 .3  Gemini  S t a t i c  Power C o n v e r t e r  F i e l d  T e s t s  

The p u r p o s e  o f  t h e  f i e l d  t e s t s  was t o  v e r i f y  t h e  work  done i n  t h e  l a b  t e s t s  

and s i m u l a t i o n s  when t h e  Gemini  was o p e r a t i n g  w i t h  an a c t u a l  PV a r r a y .  The 

Gemini  f i e l d  t e s t s  were r u n  i n  two l o c a t i o n s .  The f i r s t  t e s t s  were a t  

G e o r g i a  Power Company's S o l a r  Research C e n t e r  i n  Shenandoah, G e o r g i a ,  where 

t h e  Gemini  was t e s t e d  u s i n g  t h e  l a b o r a t o r y  r e s i s t o r  boxes f o r  l o a d s .  The 

second t e s t s  were a t  TVA's Energy Research T e s t  F a c i l i t y  i n  Chat tanooga,  

Tennessee, where t h e  l o a d s  were normal  home a p p l i a n c e s  and l i g h t i n g .  The 

r e s u l t s  a r e  g i v e n  i n  T a b l e  4.3-1. An e f f o r t  was made t o  o b t a i n  a b e t t e r  

"matched" case ( f o r  compar ison  w i t h  s i m u l a t i o n s )  t h a n  had been a c h i e v e d  i n  

t h e  l a b o r a t o r y  b y  t r y i n g  t o  z e r o  o u t  t h e  c u r r e n t  t r a n s f e r  t o  t h e  u t i l i t y  a t  

t h e  t i m e  t h e  u t i l i t y  s w i t c h  opened. T h i s  was done i n  two ways. F i r s t ,  a 

D r a n e t z  3105 power system a n a l y z e r  was c o n n e c t e d  a t  t h e  i s l a n d / u t i l i t y  system 

i n t e r f a c e  and t h e  l o a d  was a d j u s t e d  t o  t r y  t o  r e d u c e  t h e  60-Hz mismatch w a t t s  

and v a r s  t o  z e r o .  There  was a l s o  an o s c i l l o s c o p e  c o n n e c t e d  t o  v i e w  t h e  

o u t p u t  c u r r e n t  wave f o r m  t o  t h e  system. The l o a d  was v a r i e d  i n  an a t t e m p t  t o  

reduce t h e  o v e r a l l  c u r r e n t  magn i tude i n c l u d i n g  harmon ics .  The r e s u l t s  i n  

T a b l e  4 . 3 - 1  i n d i c a t e  t h a t  t h e s e  e f f o r t s  were an  improvement .  I n  case 

G - 1 . A . l . b  t h e  v o l t a g e  magn i tude  d i d  n o t  change and t h e  f r e q u e n c y  change was 

l e s s  t h a n  h a l f  o f  t h a t  seen i n  t h e  l a b .  



Comparison o f  F i e l d  T e s t s  and Lab T e s t s  

The Gemini behaved i n  a s i m i l a r  manner i n  t h e  f i e l d  and l a b  t e s t s .  A s  

e x p l a i n e d  e a r l i e r  i t  i s  d i f f i c u l t  t o  a c h i e v e  an e x a c t  ba lanced  c o n d i t i o n  w i t h  

t h e  Gemini SPC due t o  t h e  harmon ic  c u r r e n t  i t  p roduces .  T h i s  was f u r t h e r  

c o m p l i c a t e d  by t h e  chang ing  i n s o l a t i o n  c o n d i t i o n s .  The s a t u r a t i o n  o f  t h e  

step-down t r a n s f o r m e r  was n o t  as e v i d e n t  i n  t h e  f i e l d  t e s t s .  I n  t h e  f i e l d  

t e s t s  t h e  G e m i n i ' s  r e f e r e n c e  v o l t a g e  was s e t  l o w e r  t h a n  i t  had been s e t  i n  

t h e  l a b  due t o  a l i m i t e d  amount o f  power a v a i l a b l e  f r o m  t h e  PV a r r a y .  T h i s  

meant a good d e a l  more dc  c u r r e n t  w o u l d  need t o  be i n j e c t e d  i n t o  t h e  

t r a n s f o r m e r  b e f o r e  i t  began t o  s a t u r a t e .  
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C o n c l u s i o n s  f r o m  Gemini  F i e l d  T e s t s  

The i m p o r t a n t  r e s u l t s  o f  t h e  l a b  t e s t s ,  w h i c h  were c o n f i r m e d  i n  t h e  f i e l d ,  

a r e  t h a t  t h e  Gemini  when o p e r a t i n g  i n  c o n t i n u o u s  c u r r e n t  mode w i l l  r u n  on 

i n d e f i n i t e l y  under  c e r t a i n  l o a d / g e n e r a t i o n  c o n d i t i o n s .  S p e c i f i c a l l y ,  t h e  

t e s t s  show t h a t  t h e  Gemini  r u n s  on i f  t h e  w a t t  l o a d  i s  equa l  t o  o r  l e s s  t h a n  

g e n e r a t i o n  and t h e  l o c a l  c a p a c i t i v e  l o a d  can s u p p l y  a t  l e a s t  60% o f  t h e  v a r s  

t h a t  were r e q u i r e d  by t h e  Gemini b e f o r e  t h e  i s l a n d  was formed.  Based on o u r  

knowledge o f  t h e  Gemini  c o n t r o l  system t h e  u n i t  s h o u l d  a l s o  r u n  on f o r  l o a d s  

g r e a t e r  t h a n  g e n e r a t i o n  as  l o n g  as t h e  peak ac t e r m i n a l  v o l t a g e  does n o t  d r o p  

be low 80% o f  i t s  nominal  v a l u e .  A t e s t  was r u n  t o  c o n f i r m  t h i s  o p e r a t i o n .  A 

s t a b l e  Gemini i s l a n d  was formed w i t h  t h e  w a t t  and v a r  l o a d  a p p r o x i m a t e l y  

equal  t o  t h e  G e m i n i ' s  w a t t  o u t p u t  and v a r  consumpt ion .  The Gemini  was 

a l l o w e d  t o  o p e r a t e  f o r  s e v e r a l  m i n u t e s .  A f t e r  t h i s  i n t e r v a l  t h e  w a t t  and v a r  

l o a d s  were p r o b a b l y  no l o n g e r  matched t o  t h e  g e n e r a t i o n .  The l o a d  was t h e n  

i n c r e a s e d  i n  60-W l i g h t  b u l b  i n c r e m e n t s  and t h e  Gemini  s h u t  down f o l l o w i n g  

t h e  a d d i t i o n  o f  t h e  t h i r d  b u l b .  

p a r t  o f  t h e  t e s t ,  so no q u a n t i t a t i v e  c o n c l u s i o n s  can be drawn. However, t h e  

t e s t  suggested t h a t  t h e  Gemini  can i s l a n d  when t h e  l o a d  i s  i n i t i a l l y  g r e a t e r  

t h a n  g e n e r a t i o n .  

Data were n o t  b e i n g  r e c o r d e d  d u r i n g  t h i s  
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4 . 4  C o m b i n a t i o n s  o f  TESLACO and Gemini  S t a t i c  

Power C o n v e r t e r  F i e l d  T e s t s  

S e v e r a l  f i e l d  t e s t s  were made i n v o l v i n g  c o m b i n a t i o n s  o f  TESLACO and Gemini  

s t a t i c  power c o n v e r t e r s  a t  Chat tanooga.  

TESLACO and one Gemin i ;  however,  one t e s  i n c l u d e d  two TESLACOs and one 

Gemini  and a n o t h e r  t e s t  i n c l u d e d  two Gem n i s  and one TESLACO. A summary o f  

t h e s e  t e s t s  i s  g i v e n  i n  T a b l e  4.4-1. 

Most  o f  t h e  t e s t s  i n v o l v e d  o n l y  one 

As i n d i c a t e d  i n  S e c t i o n  4 .1  t h e r e  a r e  f o u r  houses w i t h  a P V  a r r a y  mounted on 

t h e  r o o f  a t  TVA's Energy Research T e s t  F a c i l i t y  i n  Chat tanooga.  F o r  t h e s e  

f i e l d  t e s t s  TESLACO s t a t i c  power c o n v e r t e r s  were l o c a t e d  i n  houses 1 and 2 

and Gemini  s t a t i c  power c o n v e r t e r s  were l o c a t e d  i n  houses 3 and 4 .  A l l  o f  

t h e  f i e l d  t e s t s  were made w i t h  l o a d  and g e n e r a t i o n  matched w i t h i n  t h e  

i s l a n d .  The l o a d s  used i n  t h e s e  t e s t s  were m a i n l y  t h o s e  l o c a t e d  i n  t h e  

houses ( i n c a n d e s c e n t  l i g h t s ,  ranges ,  h e a t e r s ) ,  b u t  some l a b - t y p e  l o a d s  

( v a r i a b l e  r e s i s t o r  and c a p a c i t o r s )  were used t o  b a l a n c e  l o a d  t o  g e n e r a t i o n  

more a c c u r a t e l y .  T e s t s  1 A l  and 1A2 had t h e  l o a d  a t  each house matched t o  t h e  

g e n e r a t i o n  a v a i l a b l e  a t  t h a t  house. T e s t s  1 B 1  and 1B2 had t h e  l o a d  and 

g e n e r a t i o n  a t  each house unbalanced,  b u t  had t h e  l o a d  and g e n e r a t i o n  w i t h i n  

t h e  i s l a n d  as  a who le  b a l a n c e d .  The run-on t i m e s  f o r  t h e s e  f o u r  t e s t s  were 

v e r y  s i m i l a r .  They f e l l  w i t h i n  t h e  r a n g e  o f  .86 seconds t o  1.1 seconds. 

As was t r u e  i n  t h e  l a b  t e s t s  t h e  TESLACO c o n t r o l l e d  t h e  d u r a t i o n  o f  t h e  

i s l a n d .  When i t  reached a 6' phase e r r o r  and s h u t  down, t h e  Gemini  was l e f t  

c o n n e c t e d  t o  a l o a d  w h i c h  was a l i t t l e  more t h a n  t w i c e  t h e  power t h a t  i t  was 



d e l i v e r i n g .  The vo l t age  in  the  i s l a n d  t h e r e f o r e  dropped and t h e  Gemini s h u t  

down approximately one c y c l e  a f t e r  t h e  TESLACO. All fou r  of t h e s e  t e s t s  had 

p r imar i ly  r e s i s t i v e  loads  wi th in  t h e  i s l a n d .  Tes t s  1C1 and 1C2 were s i m i l a r  

t o  t e s t s  1B1 and 1B2 except  t h a t  some motor loads ( a t t i c  f a n s )  were included 

in t h e  i s l a n d .  hese t e s t s  ran on s l i g h t l y  longer  than t h e  r e s i s t i v e  load 

t e s t s .  This cou d have been caused by having a d i f f e r e n t  mismatch between 

load and genera t ion  because t h i s  mismatch could n o t  be a c c u r a t e l y  c o n t r o l l e d  

for t h e s e  t e s t s .  

Test  4A was designed t o  have t h e  load within t h e  i s l a n d  (bo th  r ea l  and 

r e a c t i v e )  matched t o  t h e  ou tpu t  of t h e  Gemini. The purpose was t o  see  i f  t h e  

Y Gemini would cont inue  t o  r u n  on a f t e r  t he  TESLACO s h u t  down. This  i s  exac t  

what happened. The i n i t i a l  load t o  t o t a l  genera t ion  mismatch was so l a r g e  

t h a t  t h e  TESLACO s h u t  down in  one c y c l e .  The Gemini then ran on i n d e f i n i t e  Y .  

Test  5A had two TESLACOs and one Gemini wi th in  an i s l a n d  with t o t a l  load 

matched t o  t o t a l  gene ra t ion .  

an i s l a n d  with t o t a l  load matched t o  t o t a l  gene ra t ion .  For  both of t h e s e  

t e s t s  a TESLACO determined t h e  du ra t ion  of t h e  i s l a n d .  When i t  s h u t  down t h e  

load t o  genera t ion  mismatch became so l a r g e  t h a t  t h e  o t h e r  s t a t i c  power 

conve r t e r s  shut  wi th in  t w o  c y c l e s .  

Tes t  6A had two Geminis and one TESLACO wi th in  
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V .  A n a l y s i s  o f  R e s u l t s  and Recommendations 

The r e s u l t s  o b t a i n e d  i n  t h e  computer  s i m u l a t i o n s  and v e r i f i e d  b y  l a b  and 

f i e l d  t e s t s  can be used t o  assess  t h e  prob lems o f  i s l a n d i n g  t h a t  a u t i l i t y  

may have t o  f a c e .  There a r e  s e v e r a l  ways t h a t  p o t e n t i a l  i s l a n d s  may be 

fo rmed.  

e n t i r e  d i s t r i b u t i o n  f e e d e r  n e t w o r k .  A b r e a k e r  may be opened o u t  on a f e e d e r ,  

w h i c h  w o u l d  i s o l a t e  a s m a l l e r  s e c t i o n  o f  d i s t r i b u t i o n  f e e d e r .  A d i s c o n n e c t  

s w i t c h  o r  f u s e  may be opened, w h i c h  w o u l d  i s o l a t e  a y e t  s m a l l e r  s e c t i o n  o f  

f e e d e r  w i t h  anywhere f r o m  one t o  dozens o f  cus tomers  connected .  A f o u r t h  way 

t o  f o r m  an i s l a n d  w o u l d  be  t o  open a f u s e  o r  d i s c o n n e c t  s w i t c h  on t h e  p r i m a r y  

s i d e  o f  a t r a n s f o r m e r  s e r v i n g  one t o  f o u r  cus tomers .  

r e s e a r c h  p r o j e c t  a r e  a p p l i c a b l e  t o  a l l  f o u r  o f  t h e s e  s c e n a r i o s  f o r  f o r m i n g  an 

i s l a n d .  However, f r o m  a p r a c t i c a l  s t a n d p o i n t  s c e n a r i o s  t h r e e  and f o u r  w o u l d  

be o f  t h e  most  c o n c e r n .  F o r  an i s l a n d  t o  f o r m  ( n o t  s h u t  down i m m e d i a t e l y )  

t h e r e  must be a r e a s o n a b l e  b a l a n c e  between l o a d  and P V  g e n e r a t i o n  w i t h i n  t h e  

i s l a n d .  T h i s  i m p l i e s  t h a t  f o r  s c e n a r i o s  one and two t h e r e  i s  a v e r y  h i g h  

p e n e t r a t i o n  l e v e l  o f  PV on a d i s t r i b u t i o n  f e e d e r .  T h i s  i s  n o t  l i k e l y  t o  

happen i n  t h e  n e a r  f u t u r e .  What i s  most  l i k e l y  t o  happen i n  t h e  n e a r  f u t u r e  

i s  a s i g n i f i c a n t  p e n e t r a t i o n  on a l o c a l i z e d  b a s i s .  T h e r e f o r e ,  t h e  p r a c t i c a l  

c o n c e r n  now w o u l d  be f o r  a s m a l l  i s l a n d .  

A b r e a k e r  may be opened a t  a s u b s t a t i o n ,  w h i c h  w o u l d  i s o l a t e  an 

The r e s u l t s  o f  t h i s  

If a b r e a k e r  o r  f u s e  i s  opened t o  i s o l a t e  a s e c t i o n  o f  t h e  d i s t r i b u t i o n  

system because o f  a f a u l t ,  and PV systems a r e  c o n n e c t e d  t o  t h e  f a u l t e d  phase, 

t h e  P V  systems w i l l  be s h u t  down b y  l o w  v o l t a g e  s e n s i n g  c i r c u i t s .  I f  t h e  PV 

system i s  c o n n e c t e d  t o  an u n f a u l t e d  phase,  t h e  p o t e n t i a l  f o r  i s l a n d i n g  may 
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e x i s t .  

u n f a u l t e d  phase d u r i n g  a phase- to -ground f a u l t  can  be h i g h e r  t h a n  normal  and 

may cause an immedia te  shutdown. Ano the r  method o f  c r e a t i n g  a p o t e n t i a l  

i s l a n d  wou ld  be f o r  a b r e a k e r  t o  open because o f  m i s o p e r a t i o n  o r  a f u s e  t o  

open because o f  a g i n g .  

t h e  most  common way f o r  a p o t e n t i a l  i s l a n d  t o  be fo rmed w o u l d  be  f o r  a 

u t i l i t y  l i neman  t o  open t h e  b r e a k e r  s w i t c h  o r  f u s e  i n  p r e p a r a t i o n  f o r  some 

k i n d  o f  ma in tenance o r  c o n s t r u c t i o n  a c t i v i t y .  T h i s  wou ld  a l s o  be t h e  case o f  

maximum concern  f o r  p e r s o n n e l  s a f e t y .  

Depending on t h e  u t i l i t y  system c o n d i t i o n s ,  t h e  v o l t a g e  on an 

These w o u l d  n o t  be v e r y  l i k e l y  o c c u r r e n c e s .  P r o b a b l y  

5 . 1  TESLACO S t a t i c  Power C o n v e r t e r  

p r o p e r l y  

f o r  t h e  

f u n c t  i o n i  ng TESLACO 

o s s  o f  u t i l i t y  cond 

l a b  t e s t s ,  and f 

TESLACO w i l l  n o t  

was n o t  f u n c t i o n  

The p o t e n t i a l  f o r  h a v i n g  an i n d e f i n i t e l y  l o n g  i s l a n d i n g  c o n d i t i o n  f o r  a 

i s  n i l .  The d e v i c e  i s  d e s i g n e d  t o  be u n s t a b l e  

t i o n  and t o  s h u t  i t s e l f  down. A l l  s i m u l a t i o n s ,  

e l d  t e s t s  s u p p o r t  t h e  f a c t  t h a t  a p r o p e r l y  f u n c t i o n i n g  

i s l a n d  i n d e f i n i t e l y .  One o f  t h e  TESLACOs t e s t e d  i n  t h e  l a b  

ng p r o p e r l y .  One o f  t h e  c a p a c i t o r s  i n  t h e  phase- locked  l o o p  

had a c a p a c i t a n c e  a t  t h e  boundary  o f  i t s  a l l o w a b l e  range (-20% t o  +20%). 

T h i s  enab led  t h e  TESLACO t o  r u n  on i n d e f i n i t e l y  i n  an i s l a n d  w i t h  a l o a d  t h a t  

was matched f a i r l y  w e l l  t o  g e n e r a t i o n .  When t h e  c i r c u i t  b o a r d  w i t h  t h e  

phase- locked l o o p  on i t  was r e p l a c e d  i n  t h e  l a b ,  t h e  TESLACO behaved as  t h e  

o t h e r  TESLACOs d i d  - no i n d e f i n i t e  runon no m a t t e r  how c l o s e l y  t h e  l o a d  was 

matched t o  t h e  g e n e r a t i o n .  T h i s  e x p e r i e n c e  sugges ts  t h e  need f o r  

m a n u f a c t u r e r s  o f  s t a t i c  power c o n v e r t e r s  t o  t e s t  t h e  u n i t s  f o r  i s l a n d i n g  as 

p a r t  o f  t h e i r  f a c t o r y  t e s t i n g .  
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A l t h o u g h  t h e  TESLACO w i l l  n o t  i s l a n d  i n d e f i n i t e l y ,  i t  can r u n  on f o r  a few 

seconds under  c e r t a i n  c o n d i t i o n s .  The boundary  c o n d i t i o n s  f o r  run-on have 

been d e f i n e d  by t h e  computer  s i m u l a t i o n s  made f o r  t h i s  p r o j e c t  i n  t e r m s  o f  

w a t t  and v a r  mismatch between l o a d  and g e n e r a t i o n  w i t h i n  t h e  i s l a n d .  I f  t h e  

w a t t  mismatch w i t h i n  a p o t e n t i a l  i s l a n d  i s  g r e a t e r  t h a n  40% o f  t h e  amount o f  

PV g e n e r a t i o n ,  t h e  TESLACOs w i l l  s h u t  down w i t h i n  a b o u t  two c y c l e s .  A n o t h e r  

way o f  s t a t i n g  t h i s  i s  t h a t  i f  t h e  amount o f  PV g e n e r a t i o n  ( w i t h  TESLACO 

s t a t i c  power c o n v e r t e r s )  i s  n o t  w i t h i n  70% t o  170% o f  t h e  amount o f  l o a d  

w i t h i n  t h e  p o t e n t i a l  i s l a n d ,  t h e n  t h e  PV g e n e r a t i o n  w i l l  be s h u t  down w i t h i n  

a b o u t  two c y c l e s .  If t h e  PV g e n e r a t i o n  i s  w i t h i n  t h e s e  b o u n d a r i e s ,  t h e n  t h e  

run-on t i m e  can be anywhere f r o m  a few c y c l e s  t o  a few seconds ( l e s s  t h a n  

f o u r ) .  

I f  t h e  v a r  mismatch w i t h i n  a p o t e n t i a l  i s l a n d  i s  g r e a t e r  t h a n  a p p r o x i m a t e l y  

800 v a r s  p e r  TESLACO w i t h i n  t h e  i s l a n d ,  t h e n  t h e  u n i t s  w i l l  s h u t  down i n  

a p p r o x i m a t e l y  two c y c l e s .  S i n c e  a TESLACO can s u p p l y  as much as  100 v a r s  t o  

t h e  system ( f o r  some o p e r a t i n g  c o n d i t i o n s ) ,  t h i s  means t h a t  i f  t h e  n e t  v a r  

l o a d  w i t h i n  a p o t e n t i a l  i s l a n d  i s  g r e a t e r  t h a n  900 t i m e s  t h e  number o f  TESLACO 

s t a t i c  power c o n v e r t e r s  w i t h i n  t h e  i s l a n d ,  t h e  u n i t s  w i l l  s h u t  down w i t h i n  

a b o u t  two c y c l e s .  I f  t h e  n e t  v a r  l o a d  i s  l e s s  t h a n  t h i s  amount, t h e  u n i t s  may 

have run-on t i m e s  t h a t  can range from a few c y c l e s  t o  a few seconds ( l e s s  t h a n  

f o u r ) .  

There  a r e  s e v e r a l  f a c t o r s  t h a t  w i l l  a f f e c t  where t h e  run-on t i m e s  w i l l  f a l l  

w i t h i n  t h i s  r a n g e .  S m a l l e r  w a t t  and v a r  mismatches w i l l  t e n d  t o  i n c r e a s e  

run-on t i m e .  

o f  i n e r t i a  w i l l  t e n d  t o  p roduce l o n g e r  run-on  t i m e s .  However, even i f  s e v e r a l  

Loads t h a t  a r e  composed o f  a number o f  m o t o r s  w i t h  a g r e a t  d e a l  



o f  t h e s e  f a c t o r s  combine u n f a v o r a b l y  t o  p roduce a l o n g  run-on t i m e ,  t h i s  t i m e  

w i l l  n o t  exceed a few seconds. From a p r a c t i c a l  s t a n d p o i n t ,  t h e  run-on t i m e  

w i l l  be i n  t h e  l o w e r  end o f  t h i s  range.  A l t h o u g h  one l a b  t e s t  had a 3.8 

second run-on t i m e ,  t h e  l o n g e s t  run-on t i m e  t h a t  c o u l d  be c o n s i s t e n t l y  

a c h i e v e d  i n  t h e  l a b  was around 1.6 seconds. It o c c u r r e d  when t h e  l o a d  was 

i n t e n t i o n a l l y  matched t o  g e n e r a t i o n  as  c l o s e l y  as p o s s i b l e .  T h i s  k i n d  o f  

b a l a n c e  between l o a d  and g e n e r a t i o n  i s  j u s t  n o t  l i k e l y  t o  happen o u t  on a 

u t i l i t y  system. T h e r e f o r e ,  f o r  t h e  v a s t  m a j o r i t y  o f  p o t e n t i a l  i s l a n d i n g  

s i t u a t i o n s  on a u t i l i t y  system, t h e  run-on t i m e s  w i l l  be l e s s  t h a n  1 . 5  seconds. 

From a s a f e t y  s t a n d p o i n t ,  run-on  t i m e s  o f  a few seconds w i l l  n o t  be a 

concern .  I f  t h e  i s l a n d  i s  i n i t i a t e d  by  a l i n e m a n  o p e n i n g  a s w i t c h  i n  

p r e p a r a t i o n  f o r  p e r f o r m i n g  main tenance,  t h e n  t h e  l i n e m a n  need o n l y  w a i t  a few 

seconds ( a p p r o x i m a t e l y  10 seconds t o  be on t h e  c o n s e r v a t i v e  s i d e )  b e f o r e  

coming i n  c o n t a c t  w i t h  t h e  c i r c u i t .  

The o t h e r  c o n c e r n  f o r  i s l a n d i n g  has been f o r  t h e  t r a n s i e n t s  t h a t  may be 

produced upon r e c l o s u r e  o f  a f e e d e r  s t i l l  e n e r g i z e d  b y  PV g e n e r a t i o n .  

Because r e c l o s i n g  t i m e s  f o r  d i s t r i b u t i o n  f e e d e r s  can be on t h e  o r d e r  o f  12 t o  

30 c y c l e s ,  TESLACO s t a t i c  power c o n v e r t e r s  c o u l d  keep a c i r c u i t  e n e r g i z e d  f o r  

some l o a d  c o n d i t i o n s  l o n g  enough f o r  r e c l o s u r e  t o  t a k e  p l a c e .  However, as 

p o i n t e d  o u t  e a r l i e r ,  t h e  TESLACO's c o n t r o l  c i r c u i t r y  s h u t s  t h e  u n i t  down when 

i t s  i n t e r n a l  r e f e r e n c e  wave i s  o u t  o f  phase w i t h  i t s  t e r m i n a l  v o l t a g e  by  6'. 

T h i s  means t h a t  i f  an i s l a n d  i s  s u s t a i n e d  l o n g  enough f o r  r e c l o s u r e  t o  o c c u r ,  

i t  w i l l  n o t  be v e r y  f a r  o u t  o f  phase w i t h  t h e  system. T h e r e f o r e ,  t h e  

t r a n s i e n t s  p roduced by r e c l o s i n g  w i l l  be  o f  no c o n c e r n .  
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5 .2  Gemini  S t a t i c  Power C o n v e r t e r  

The p o t e n t i a l  f o r  h a v i n g  a s u s t a i n e d  i s l a n d i n g  c o n d i t i o n  f o r  t h e  Gemini  

c o n v e r t e r  i s  g r e a t e r  t h a n  t h a t  f o r  t h e  TESLACO. 

t h e  l o c a l  l o a d  must  meet t o  p roduce a s u s t a i n e d  i s l a n d .  The most  c r i t i c a l  

e lement  o f  t h e  l o c a l  l o a d  i s  c a p a c i t a n c e .  The l o c a l  l o a d  must  be a b l e  t o  

s u p p l y  a t  l e a s t  60% o f  t h e  G e m i n i ' s  p r e - i s l a n d  r e a c t i v e  power r e q u i r e m e n t .  

t h e  l o a d  c a n n o t  s u p p l y  any r e a c t i v e  power,  t h e  u n i t  w i l l  s h u t  down i n  one 

c y c l e  due t o  a commutat ion f a i l u r e .  

o f  t h e  b e f o r e - i s l a n d  r e a c t i v e  power t h e  u n i t  s h u t s  down w i t h i n  t h r e e  c y c l e s  

due t o  a t r a n s i e n t  l o w - v o l t a g e  c o n d i t i o n .  The second r e s t r i c t i o n  i s  t h a t  t h e  

l o c a l  l o a d  must  n o t  be g r e a t e r  t h a n  130% o f  t h e  PV g e n e r a t i o n  i n  t h e  i s l a n d .  

L o c a l  l o a d s  g r e a t e r  t h a n  130% w i l l  'cause t h e  u n i t  t o  s h u t  down i n  l e s s  t h a n  

f i v e  c y c l e s  due t o  a l o w  v o l t a g e  c o n d i t i o n .  

s a t i s f i e d  t h e  u n i t  can r u n  on i n d e f i n i t e l y .  

There  a r e  two r e q u i r e m e n t s  

I f  

I f  t h e  l o c a l  l o a d  s u p p l i e s  l e s s  t h a n  60% 

I f  t h e s e  two c o n d i t i o n s  a r e  

A l l  o f  o u r  o r i g i n a l  s i m u l a t i o n s  r a n  on i n d e f i n i t e l y  r e g a r d l e s s  o f  t h e  mode o f  

c u r r e n t  o p e r a t i o n  ( c o n t i n u o u s  o r  d i s c o n t i n u o u s ) .  Fo r  t h e  l a b  and f i e l d  t e s t s  

i n  w h i c h  t h e  u n i t  was i n  c o n t i n u o u s  mode o f  o p e r a t i o n  and s a t i s f i e d  t h e  l o a d  

r e s t r i c t i o n s  g i v e n  above, t h e  u n i t  r a n  on i n d e f i n i t e l y .  Smal l  changes i n  

i n s o l a t i o n  and l o a d i n g  d i d  n o t  a f f e c t  t h e  i n d e f i n i t e  r u n  on.  I n  t h e  l a b  and 

f i e l d  t e s t s  t h e  u n i t  s h u t  down i n  l e s s  t h a n  15 c y c l e s  f o r  a l l  cases  when 

o p e r a t i n g  i n  d i s c o n t i n u o u s  mode. The shutdown was t h e  r e s u l t  o f  a l o w - v o l t a g e  

c o n d i t i o n  t h a t  appears  t o  b e  due t o  s a t u r a t i o n  o f  t h e  o u t p u t  t r a n s f o r m e r  

caused by a d c  o f f s e t  i n  t h e  o u t p u t  v o l t a g e .  S e v e r a l  s i m u l a t i o n s  were 

per fo rmed t h a t  i n d i c a t e d  t h e  t i m e  t o  s h u t  down i s  dependent  on two p a r a m e t e r s  

u n i q u e  t o  each i n d i v i d u a l  u n i t :  t h e  amount o f  dc o f f s e t  and t h e  350/240-V 



s t e p  down t r a n s f o r m e r  s a t u r a t i o n  c h a r a c t e r i s t i c s .  I n  t h e  i d e a l  case i n  w h i c h  

t h e r e  i s  no dc o f f s e t ,  s i m u l a t i o n s  p r e d i c t  t h a t  t h e  d i s c o n t i n u o u s  mode cases 

w o u l d  r e s u l t  i n  l o n g  ( a t  l e a s t  s e v e r a l  m i n u t e s )  i f  n o t  i n d e f i n i t e  run-on  

t i m e s .  

The l o a d  r e s t r i c t i o n s  t h a t  r e s u l t  i n  i n d e f i n i t e  run-on  s i t u a t i o n s  a r e  

r e a l i s t i c .  L ine-commutated c o n v e r t e r s  have a f a i r l y  l o w  power f a c t o r  (a round  

.5 - .8) .  Most  u t i l i t i e s  w i l l  e i t h e r  i n s t a l l  p o w e r - f a c t o r  c o r r e c t i n g  

c a p a c i t o r s  on t h e  d i s t r i b u t i o n  f e e d e r  o r  r e q u i r e  t h e  cus tomers  t o  i n s t a l l  

p o w e r - f a c t o r  c o r r e c t i n g  c a p a c i t o r s  t h a t  w i l l  s a t i s f y  t h e i r  c a p a c i t i v e  l o a d  

r e q u i r e m e n t .  Georg ia  Power Company has a r e q u i r e m e n t  f o r  c o g e n e r a t o r s  t h a t  

t h e  combined power f a c t o r  f o r  g e n e r a t i o n  and l o a d  be .85 o r  g r e a t e r .  

T h e r e f o r e ,  i t  i s  r e a l i s t i c  t o  c o n s i d e r  c a p a c i t a n c e  w i t h i n  a p o t e n t i a l  

i s l a n d .  I n  t h e  f i e l d  t e s t  w i t h  r e a l i s t i c  house l o a d s ,  i t  was n o t  d i f f i c u l t  

t o  p roduce i n d e f i n i t e  runon w i t h  t h e  Gemin i .  

The window o f  l o a d s  t h a t  c o u l d  r e s u l t  i n  i s l a n d i n g  wou ld  be g r e a t l y  reduced 

w i t h  t h e  a d d i t i o n  o f  two t y p e s  o f  p r o t e c t i v e  r e l a y i n g  c i r c u i t s  w h i c h  a r e  

o f f e r e d  by t h e  m a n u f a c t u r e r  b u t  were n o t  pu rchased  f o r  t h e  u n i t s  t e s t e d .  The 

v o l t a g e  magn i tude  was b e i n g  checked f o r  l o w  v o l t a g e .  

s i t u a t i o n  ( g r e a t e r  t h a n  10%) were a l s o  checked,  i t  wou ld  p r o v i d e  shutdown f o r  

cases i n  wh ich :  t h e  PV g e n e r a t i o n  were l a r g e  i n  compar ison t o  t h e  l o a d ;  t h e  

l o c a l  c a p a c i t a n c e  were l a r g e  i n  compar ison t o  t h e  Gemini v a r  r e q u i r e m e n t ;  and 

t h e  u n i t  were on an u n f a u l t e d  phase d u r i n g  a s ing le -phase  f a u l t  on a n o t h e r  

phase o f  t h e  f e e d e r .  The second check  t h a t  s h o u l d  be made i s  f r e q u e n c y  o f  

t h e  ac t e r m i n a l  v o l t a g e .  The f r e q u e n c y  o f  t h e  i s l a n d  v o l t a g e  w i l l  d e v i a t e  

I f  a h i g h - v o l t a g e  
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f r o m  60 Hz based on t h e  v a r  mismatch when t h e  i s l a n d  i s  fo rmed.  Over /under  

f r e q u e n c y  r e l a y s  a r e  n o r m a l l y  s e t  t o  d e t e c t  f r e q u e n c y  v a r i a t i o n  o f  l e s s  t h a n  

1 Hz. Our s i m u l a t i o n s  i n d i c a t e  t h a t  d e v i a t i o n s  o f  1 Hz a r e  ach eved i f  t h e  

v a r  mismatch i s  g r e a t e r  t h a n  3% o f  t h e  i s l a n d  v a r  l o a d .  The se o f  a 

f r e q u e n c y  r e l a y  w o u l d  g r e a t l y  reduce t h e  p r o b a b i l i t y  o f  r e a l - w o r l d  i s l a n d i n g .  

I t  was d i f f i c u l t  t o  c o n t r o l  t h e  v a r  f l o w  i n  t h e  l a b  t o  o b t a i n  t h e  - + 3% v a r  

mismatch.  W i t h  t h e  a d d i t i o n  o f  t h e s e  two f e a t u r e s ,  t h e  window o f  

l o a d / g e n e r a t i o n  c o m b i n a t i o n s  t h a t  r e s u l t  i n  i n d e f i n i t e  run-on c o n d i t i o n s  

w o u l d  be  reduced t o  a n e a r  e x a c t  match o f  r e a c t i v e  power and 2 25% o f  r e a l  

power.  

From a s a f e t y  s t a n d p o i n t ,  even w i t h  t h e  a d d i t i o n a l  p r o t e c t i o n  d e s c r i b e d  

above, i t  w o u l d  be t h e o r e t i c a l l y  p o s s i b l e  f o r  t h e  u n i t  t o  c o n t i n u e  o p e r a t i n g  

i n d e f i n i t e l y  i n  an i s l a n d .  T h e r e f o r e ,  ex t reme c a u t i o n  s h o u l d  be used b e f o r e  

making c o n t a c t  w i t h  t h e  c i r c u i t .  

The o t h e r  c o n c e r n  f o r  i s l a n d i n g  i s  t h e  t r a n s i e n t s ,  w h i c h  m i g h t  be produced 

f o l l o w i n g  r e c l o s u r e  o f  a f e e d e r  t h a t  has remained e n e r g i z e d  b y  P V  

g e n e r a t i o n .  R e c l o s i n g  t i m e s  f o r  d i s t r i b u t i o n  f e e d e r s  can be on t h e  o r d e r  o f  

12 t o  30 c y c l e s .  W i t h o u t  t h e  a d d i t i o n  o f  o v e r / u n d e r  f r e q u e n c y  r e l a y s  t h e  

p o s s i b i l i t y  o f  r e c l o s i n g  when t h e  u t i l i t y  system and i s l a n d  v o l t a g e s  a r e  v e r y  

much o u t  o f  phase i s  p o s s i b l e  and m i g h t  r e s u l t  i n  s i g n i f i c a n t  t r a n s i d n t s .  I f  

o v e r / u n d e r  f r e q u e n c y  r e l a y s  a r e  used, t h e  l i k e l i h o o d  o f  r e c l o s i n g  o u t  o f  

phase i s  reduced,  b u t  may s t i l l  e x i s t  f o r  s h o r t e r  r e c l o s u r e  t i m e s .  I t  i s  

common f o r  t h e  o v e r / u n d e r  f r e q u e n c y  r e l a y s  t o  be s e t  so t h a t  t h e  f r e q u e n c y  

must  be o u t  o f  range f o r  12 c y c l e s  b e f o r e  t r i p p i n g  t h e  u n i t  o f f .  

t h e  i s s u e  o f  r e c l o s i n g  may d e s e r v e  some f u t u r e  c o n s i d e r a t i o n .  

T h e r e f o r e ,  
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5.3 Combinat ions  o f  TESLACO and Gemini  S t a t i c  Power C o n v e r t e r s  

The p o s s i b i l i t y  e x i s t s  f o r  h a v i n g  a s u s t a i n e d  i s l a n d i n g  c o n d i t i o n  when b o t h  

TESLACOs and Gemin is  a r e  i n  t h e  i s l a n d .  The TESLACOs w i l l  n o t  r u n  on 

i n d e f i n i t e l y .  T h e i r  b e h a v i o r  i n  an i s l a n d  w i t h  Gemin is  i s  v e r y  s i m i l a r  t o  

t h e i r  b e h a v i o r  i n  an i s l a n d  w i t h  o n l y  o t h e r  TESLACOs. W i t h  t h e i r  run-on t i m e s  

depend ing  p r i m a r i l y  on t h e  l o a d  and g e n e r a t i o n  mismatch w i t h i n  t h e  i s l a n d ,  t h e  

TESLACOs w i l l  a lways  s h u t  down. When t h e y  s h u t  down, t h e  r e s u l t i n g  

l o a d - t o - g e n e r a t i o n  mismatch w i l l  d e t e r m i n e  what  happens t o  t h e  Gemin is .  A t  

t h i s  p o i n t  t h e  b e h a v i o r  o f  t h e  i s l a n d  becomes t h e  same as  has been d e s c r  bed 

i n  S e c t i o n  5.2 f o r  o n l y  Gemin is  i n  an i s l a n d .  I f  t h e  l o a d  v a r s  can supp y 60% 

o r  more o f  t h e  r e a c t i v e  power r e q u i r e m e n t  o f  t h e  Gemin is  and t h e  l o a d  w a t t s  

a r e  l e s s  t h a n  130% o f  t h e  power p roduced by t h e  Gemin is ,  t h e n  t h e  i s l a n d  w i l l  

be s u s t a i n e d  i n d e f i n i t e l y .  T h e r e f o r e ,  i f  a u t i l i t y  i s  concerned a b o u t  t h e  

p o s s i b i l i t y  o f  a s u s t a i n e d  i s l a n d  t h a t  c o n t a i n s  b o t h  TESLACOs and Gemin is ,  t h e  

l o a d  and g e n e r a t i o n  mismatches need t o  be checked i n  t e r m s  o f  t h e  Gemin is  

w i t h o u t  r e g a r d  t o  t h e  TESLACOs. No e v i d e n c e  was f o u n d  i n  s i m u l a t i o n s ,  l a b  

t e s t s ,  o r  f i e l d  t e s t s  i n d i c a t i n g  t h a t  h a v i n g  a Gemini  i n  an i s l a n d  w i t h  a 

TESLACO w i l l  make t h e  TESLACO r u n  on l o n g e r  t h a n  i t  w o u l d  w i t h o u t  t h e  Gemin i .  

A l s o  no e v i d e n c e  was f o u n d  t o  i n d i c a t e  t h a t  h a v i n g  a TESLACO i n  an i s l a n d  w i t h  

a Gemini  w o u l d  p roduce s i g n i f i c a n t l y  d i f f e r e n t  run-on t i m e s  f r o m  t h o s e  w i t h  

o n l y  a Gem 

The p o s s i b  

a r e  i n  t h e  

n i .  

l i t y  o f  h a v i n g  a s u s t a i n e d  i s  

i s l a n d  can be g r e a t l y  reduced 

and o v e r v o l t a g e  r e l a y s  w i t h  t h e  Gemin is .  

and when b o t h  TESLACOs and Gemin is  

by u s i n g  over /under  f r e q u e n c y  r e l a y s  

W i t h  t h e s e  a d d i t i o n s  t h e  boundary 

c o n d i t i o n s  f o r  a s u s t a i n e d  i s l a n d  w o u l d  be r e d u c e d  t o  t h o s e  d e s c r i b e d  i n  

S e c t i o n  5 . 2  f o r  Gemin i -on ly  i s l a n d s .  
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A .  APPENDIX A - PHOTOVOLTAIC ARRAY MODEL 

The s m a l l e s t  u n i t  o f  a p h o t o v o l t a i c  a r r a y  i s  t h e  s o l a r  c e l l .  I t s  o u t p u t  

c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  depend on t h e  o p e r a t i n g  t e m p e r a t u r e  and t h e  

amount o f  s o l a r  i n s o l a t i o n .  The c i r c u i t  shown i n  F i g u r e  A-1  was used t o  

model a s i n g l e  s o l a r  c e l l .  The c u r r e n t  s o u r c e  and t h e  d i o d e  i n  t h e  model 

r e p r e s e n t  t h e  p h o t o c u r r e n t  and t h e  s o l a r  pn j u n c t i o n  c h a r a c t e r i s t i c s ,  

r e s p e c t i v e l y .  S e r i e s  and s h u n t  r e s i s t a n c e s ,  w h i c h  a r e  sometimes shown i n  

s o l a r  c e l l  models ,  were assumed n e g l i g i b l e  and a r e  n o t  i n c l u d e d  i n  t h e  

model .  F u r t h e r m o r e ,  t h e  s o l a r - c e l l  s e r i e s  i n d u c t a n c e  and s h u n t  c a p a c i t a n c e  

were n e g l e c t e d  s i n c e  t h e y  produce P V  a r r a y  t r a n s i e n t  t i m e  c o n s t a n t s  t h a t  a r e  

e x t r e m e l y  s m a l l  when compared t o  t h e  p r e d i c t e d  sys tem t i m e  c o n s t a n t s .  

The e q u a t i o n s  m o d e l i n g  a s i n g l e  s o l a r  c e l l  

and t h e  c e l l  c u r r e n t  (Isc) a r e  shown b e l o w  

I S C  = 1,- - Io{exp[qVSC/(AKT)]  - 1); 

i n  t e r m s  o f  c e l l  v o l t a g e  ( V s c )  

[ll, 131. 

IL = [ISCR + K1(TC - 28.)]PI/100, 

(A-1) 

(A-2) 

(A-3) 



where 

= S o l a r  c e l l  c u r r e n t  [A] 

= S o l a r  c e l l  v o l t a g e  [VI 
ISC 

"SC 

1,- = Light generated c u r r e n t  [A] 

Io  = S a t u r a t i o n  c u r r e n t  [A ]  

T = S o l a r - c e l l  temperature  [ O K ]  

TC = S o l a r - c e l l  temperature  ["C] 

K / q  = 8 . 6 2 ~ 1 0 - ~  e V / O K  

P I  = S o l a r  r a d i a t i o n  [mW/cm 2 ] 

= S h o r t - c i r c u i t  c u r r e n t  a t  28OC and 100mW/cm 2 
'SCR 

= 2.52 A 

= Band gap f o r  s i l i c o n  = 1.11 eV 

T R  = Reference temperature  = 301.18OK 
Eg 

'or = S a t u r a t i o n  current a t  TR = 1 9 . 9 6 3 ~ 1 0 - ~  A 

A = B = I d e a l i t y  f a c t o r  = 1.92  

K1 = Shor t  c i r c u i t  c u r r e n t  tempera ture  c o e f f i c i e n t  
= 0.0017 A / O K .  

For a f i x e d  tempera ture ,  t h e  s a t u r a t i o n  c u r r e n t  Io  i s  c o n s t a n t .  Assuming T 

= 

I o  = I = 1 9 . 9 6 9 3 ~ 1 0 - ~  A ;  o r  

9= 1 = 20.06. 
AKT ( 8 . 6 2 ~ 1 0 - ~ ) (  301.18)( 1 . 9 2 )  

T h u s ,  

ISC = IL - 1 9 . 9 6 9 3 ~ 1 O - ~ [ e x p (  20 .  06Vsc) -11 ; (A-4) 

(A-5) 1,- = 2.52PI/100. 

A-2 
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2 F o r  PI = 100 mW/cm , t h e  v o l t a g e  and c u r r e n t  a r e  0.469 v o l t s  and 2.277 

amperes a t  a maximum power o f  1 .068 w a t t s .  

c u r r e n t  i s  2.52 amperes and t h e  open c i r c u i t  v o l t a g e  i s  0.585 v o l t s .  

The c o r r e s p o n d i n g  s h o r t - c i r c u i t  

I n  

o r d e r  f o r  t h e  a r r a y  t o  p roduce 4 kW a t  200 Vdc and PI = 100 mW/cmz, t h e  

a r r a y  mus t  be composed o f  N number o f  p a r a l l e l  s t r i n g s ,  where 
P 

= 4000/200/2.277 = 8 . 7 8  
NP 

and NS number o f  s e r i e s  s o l a r  c e l l s ,  where 

NS = 200/0.469 = 426.4 

f o r  a t o t a l  o f  3744 s o l a r  c e l l s .  

i n t e g e r s  i s  o f  l i t t l e  consequence f o r  t h e  a n a l y t i c a l  s t u d i e s .  The 

p h o t o v o l t a i c  a r r a y  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  may be  a p p r o x i m a t e d  by 

a g g r e g a t i n g  t h e  p r e v i o u s  c e l l  c h a r a c t e r i s t i c s  ( F i g u r e  A-2). From E q u a t i o n  

The f a c t  t h a t  N S  and N a r e  n o t  
P 

(A-1) 9 

- 
'PVA - Np'SC 

where 

IpVA = P h o t o v o l t a i c  A r r a y  c u r r e n t  [A], and 

VpVA = P h o t o v o l t a i c  Ar ray  v o l t a g e  [ V I  

A-4 



T h e r e f o r e  a t  T = TR, N, = 426.4, N = 8 .78 ,  
P 

I PVA = 22. 12PI/100 - 1 . 7 5 3 ~ 1 0 - ~ [ e x p (  Vsc/21. 26) -11. (A-7) 

2 It can e a s i l y  be v e r i f i e d  t h a t  a t  PI = 100 mW/cm , t h e  peak power v o l t a g e  

and c u r r e n t  a r e  200 v o l t s  and 20 amperes, r e s p e c t i v e l y .  The open c i r c u i t  

a r r a y  v o l t a g e  i s  249.5 v o l t s .  

When p e r f o r m i n g  v a l i d a t i o n  t e s t s ,  t h e  a c t u a l  a r r a y  c u r r e n t - v o l t a g e  

c h a r a c t e r i s t i c s  can be o b t a i n e d  by t h e  method d e s c r i b e d  in C a r r o l l  e t  a l .  

PI - 
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B.  APPENDIX B - TESLACO STATIC POWER CONVERTER MODEL 

B.l. D e s c r i p t i o n  o f  t h e  Model 

The s t a t i c  power c o n v e r t e r  ( S P C )  i s  a s i n g l e - p h a s e ,  240-V, 4-kW r e s i d e n t i a l  

u n i t  m a n u f a c t u r e d  b y  t h e  TESLACO company [24,25].  The o p e r a t i n g  p r i n c i p l e  i s  

based on t h e  h i g h - f r e q u e n c y  l i n k  approach i n  w h i c h  t h e  PV a r r a y  v o l t a g e  i s  

p u l s e - w i d t h  modu la ted  and c o n v e r t e d  t o  h i g h - f r e q u e n c y  ac.  

t h e  v o l t a g e  i s  such t h a t  a f t e r  p a s s i n g  t h r o u g h  a h i g h - f r e q u e n c y  t r a n s f o r m e r  

and f u l l - w a v e  d i o d e  r e c t i f i e r ,  t h e  waveform i s  a f u l l - w a v e  r e c t i f i e d  s inewave 

a t  2*60=120 Hz. The u n f o l d e r  t h e n  i n v e r t s  e v e r y  o t h e r  h a l f  c y c l e  t o  f o r m  a 

f u l l  s ine-wave v o l t a g e  a t  t h e  o u t p u t  t e r m i n a l s  o f  t h e  SPC [19]. F i g u r e  B . l - 1  

shows t h e  power s t a g e  and c o n t r o l  b l o c k  d i a g r a m  o f  t h e  SPC and t h e  e x p e c t e d  

waveforms a t  t h e  c r i t i c a l  p o i n t s  o f  t h e  system. To s i m u l a t e  t h e  o p e r a t i o n a l  

per fo rmance o f  t h e  SPC, t h e  e q u i v a l e n t  c i r c u i t  shown i n  F i g u r e  B.l-2 was 

u t i l i z e d .  The a n a l y t i c a l  e q u a t i o n s  were d e v e l o p e d  f o r  each s e c t i o n  o f  t h e  

e q u i v a l e n t  c i r c u i t  and p u t  i n t o  a f o r m  t h a t  c o u l d  be imp lemented on t h e  

E l e c t r o m a g n e t i c  T r a n s i e n t s  Program (EMTP). The model and t h e  p a r a m e t e r s  f o r  

t h e  model were  s u p p l i e d  by  Pau l  Krause and A s s o c i a t e s .  The p a r a m e t e r s  were 

based p r i m a r i l y  on d a t a  o b t a i n e d  f r o m  t h e  m a n u f a c t u r e r .  The d e t a i l e d  

d e s c r i p t i o n  o f  t h e  model and t h e  c o r r e s p o n d i n g  e q u a t i o n s  a r e  p r o v i d e d  i n  t h i s  

s e c t i o n  o f  Appendix  B. 

The m o d u l a t i o n  on 
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Buck Stage 

The o p e r a t i o n  o f  t h e  p u s h - p u l l  buck  s t a g e ,  i n c l u d i n g  t h e  h i g h - f r e q u e n c y  

t r a n s f o r m e r  and r e c t i f i e r ,  i s  r e p r e s e n t e d  by  a g a i n  o n l y .  An e q u i v a l e n t  

b l o c k  d iagram o f  t h e  buck  s tage,  a l o n g  w i t h  p e r t i n e n t  parameters  i s  p r o v i d e d  

b e l o w  ( F i g u r e  B. 1-3) .  

- - G ( I r e f  - 0 . 0 3 1 * i b )  
'b 

- + Lldib/dt + Rlib; - 

d i b / d t  = ( v b  - vcl - Rlib)/L1, 

(B.1-1) 

(B.  1-2) 

where 

G = 390 

R1 = 0.02 ohms 

L1 = 600 uH. 

U n f o l d e r  Stage 

F i g u r e  B.1-2 shows t h e  c i r c u i t  d i a g r a m  o f  t h e  u n f o l d e r  s t a g e  where L i s  a 

l o g i c  s i g n a l  d e t e r m i n e d  by a v o l t a g e  z e r o  c r o s s i n g  d e t e c t o r  d e s c r i b e d  l a t e r .  

I n  essence, L i s  h i g h  whenever vac > 0 and l o w  when vac < 0.  The 

a c t i o n  o f  t h e  u n f o l d e r  may be d e s c r i b e d  b y  t h e  f o l l o w i n g  e q u a t i o n s :  

B-4 
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When L = 1, 

When L = 0, 

and vcl - - vu. 

U ’  
i = -i and vcl = -v 

X U ’  

(B. 1-3) 

(B.  1-4) 

An e q u i v a l e n t  b l o c k  d i a g r a m  o f  t h e  u n f o l d e r  i s  p r o v i d e d  i n  F i g u r e  8 .1 -4 .  The 

c o r r e s p o n d i n g  e lement  v a l u e s  a r e  shown be low:  

C1 = 4 .7  UF R2 = 30 ohms 

C2 = 2 .2  UF R3 = 0.0075 ohms 

Cj = 1 .0  UF L j  = 200 mH 

C o n t r o l  System 

A f u n c t i o n a l  e q u i v a l e n t  model o f  t h e  c o n t r o l  system i s  p r e s e n t e d  i n  F i g u r e  

B.1-5. Note  t h a t  t h i s  d i a g r a m  does n o t  i n c l u d e  t h e  ac o v e r c u r r e n t  and dc 

u n d e r / o v e r  v o l t a g e  c o n t r o l s ,  w h i c h  a r e  n o t  l i k e l y  t o  be  a c t i v e  d u r i n g  normal  

o p e r a t i o n .  D u r i n g  t h e  e x p e r i m e n t a l  t e s t s ,  t h e  o p e r a t i n g  p o i n t s  were s e l e c t e d  

so t h a t  t h e  o p e r a t i o n  was w i t h i n  t h e  r a t i n g  o f  t h e  i n v e r t e r  w h i c h  r e p r e s e n t s  

t h e  common o p e r a t i n g  mode. 

L i  ne-Lock i  ng Phase-Locked L o q  

A b l o c k  d i a g r a m  o f  t h e  l i n e - l o c k i n g  p h a s e - l o c k e d  l o o p  (PLL) i s  d e p i c t e d  i n  

F i g u r e  B.1-6. 
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Line F i l t e r  

The l i n e  f i l t e r  t r a n s f e r  func t ion  i s  

H(s) = 200. x 16119. x 5 
(s+5) (s+16119.)  ( s  + 4.26) 

(B.  1-5) 

Note t h a t  /H( j377)  = -90' ( o u t p u t  l a g s  inpu t  by goo),  and t h e  magnitude of 

H(jw) i s  i r r e l e v a n t  s i n c e  t h e  ou tpu t  f eeds  a zero  c ros s ing  d e t e c t o r .  

Phase Comparator 

The ou tpu t  o f  t h e  phase comparator ,  I o ,  i s  equal t o  +0.227 mA ( -0.227 mA) 

dur ing  t h e  per iod  of t ime when t h e  r e fe rence  p u l s e ,  R,  l e a d s  ( l a g s )  t h e  

p u l s e ,  V,  and i s  zero  o therwise .  D u r i n g  s t eady- s t a t e  ope ra t ion  a t  60 Hz, R 

and V a r e  i n  phase s o  t h a t  Io  i s  ze ro .  An i l l u s t r a t i v e  example fo l lows  

(F igu re  B .  1-7). 

Loop F i l t e r  

The loop f i l t e r  t r a n s f e r  func t ion  i s  

V (5) = 1 . 4 7 ~ 1 0 ~  + 33x10' 
-Y 
Io( 5)  S (.00726S + 1) 

( B . l - 6 )  
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V o l t a g e - C o n t r o l l e d  C l o c k  ( V C C )  

I f  V 
Y 

non-zero V 

v o l t s ,  w h i c h  r e p r e s e n t s  an i n c r e a s e  (decrease)  i f  V i s  p o s i t i v e  

( n e g a t i v e ) .  The a c t i o n  o f  t h e  PLL i s  e a s i l y  e x p l a i n e d .  I f  R l e a d s  V ,  t h e  

becomes p o s i t i v e  c a u s i n g  V t o  o u t p u t  o f  t h e  phase c o m p a r a t o r ,  Io, 

i n c r e a s e .  T h i s  i n c r e a s e s  t h e  f r e q u e n c y  o f  t h e  VCC, w h i c h  causes t h e  p u l s e ,  

V ,  t o  o c c u r  e a r l i e r ,  as d e s i r e d .  The o p p o s i t e  s i t u a t i o n  o c c u r s  i f  R l a g s  V .  

= 0 v o l t s ,  t h e  VCC p roduces  a p u l s e  t r a i n  a t  15 .36  kHz (60Hzx256). 

w i l l  p roduce a f r e q u e n c y  d e v i a t i o n  o f  d e l t a  f = 920 Hz x V 
Y 

A 

Y 

Y 

Y 

C o u n t e r  and Time D e l a y  

The c o u n t e r  i s  an e i g h t - b i t  (0 - to -255)  c o u n t e r  whose o u t p u t  i n c r e m e n t s  by 1 

a t  each i n p u t  c l o c k  p u l s e .  It i s  c o n v e n i e n t  t o  d e f i n e  a VCC a n g l e  as t h e  

a n g u l a r  e q u i v a l e n t  o f  t h e  c o u n t e r  o u t p u t ,  i . e . ,  

Qvcc(t) = c o u n t  x 360O. (B. 1-7) 
256 

I n  r e a l i t y ,  Qvcc(t) changes a t  d i s c r e t e  i n c r e m e n t s  o f  360°/256 = 1.4'; 

however,  t h i s  i s  s m a l l  enough t h a t  QvCC(t) can be c o n s i d e r e d  a c o n t i n u o u s  

v a r i a b l e  f o r  m o d e l i n g  p u r p o s e s .  

d e f i n e s  t h e  s ine-wave r e f e r e n c e ,  SWR, ( s t o r e d  i n  d i g i t a l  r e a d  o n l y  memory). 

I n  p a r t i c u l a r ,  

I n  any case,  t h e  o u t p u t  o f  t h e  c o u n t e r  

SWR( t )  = s i n [ Q v c c ( t ) ]  . (B.1-8) 



P 

s 
h N 
N 
d 

&I 

7 

1 2 
t.. cy 
cy 

d 

- 

U 
C a 
U 

2 c 
H 

N 
0 
U 
a 
Ll 
a 

0 u 
s" 

h 
I 

4 

B-12 



A second o u t p u t  i s  p r o v i d e d  t h a t  i s  e q u a l  t o  a l o g i c  "1" whenever 90° < 

Qvcc (t) < 270'. T h i s  o u t p u t  i s  f e d  i n t o  a 16.667 mS t i m e  d e l a y  whose 

o u t p u t  a t  a g i v e n  t i m e ,  t, i s  equa l  t o  i t s  i n p u t  a t  t -16 .667 mS. D u r i n g  

s t e a d y - s t a t e  o p e r a t i o n  a t  60 Hz, t h i s  t i m e  d e l a y  i s  t r a n s p a r e n t  s i n c e  t h e  

phase s h i f t  between i n p u t  and o u t p u t  i s  p r e c i s e l y  one c y c l e .  However, d u r i n g  

i s o l a t e d  o p e r a t i o n ,  when t h e  system f r e q u e n c y  may d e v i a t e  f r o m  60 Hz, t h e  

t i m e  d e l a y  i s  no l o n g e r  t r a n s p a r e n t ,  w i t h  a f r e q u e n c y  dependen t  phase s h i f t  

o c c u r i n g  between t h e  i n p u t  and o u t p u t .  T h i s  phase s h i f t  i s  i m p o r t a n t  s i n c e  

i t  s e r v e s  t o  " d e s t a b i  1 i ze" t h e  system d u r i  ng i s o l a t e d  o p e r a t i  on.  

Zero  C r o s s i n g  L o g i c  (ZCL) 

A b l o c k  d fagram o f  t h e  z e r o  c r o s s i n g  l o g i c  used t o  c o n t r o l  t h e  u n f o l d e r  i s  

d e p i c t e d  i n  F i g u r e  8.1-8. A l l  f l i p - f l o p s  (FF) a r e  assumed t o  be edge 

t r i g g e r r e d .  T h a t  i s ,  t h e  o u t p u t  changes s t a t e  o n l y  on p o s i t i v e  ( 0  t o  l o g i c  

1) t r a n s i t i o n s  o f  t h e  S and R i n p u t s .  

S and R do n o t  o c c u r  s i m u l t a n e o u s l y .  

By d e s i g n ,  t h e  p o s i t i v e  t r a n s i t i o n s  of  

As vac goes f r o m  n e g a t i v e  t o  p o s i t i v e ,  t h e  o u t p u t  o f  c o m p a r a t o r  1 changes 

f r o m  0 t o  1, s e t t i n g  FF1. 

1. FF1 i s  r e s e t  when vac f a l l s  b e l o w  -4V t h u s  p r e v e n t i n g  L f r o m  

"bounc ing"  near  t h e  v o l t a g e  z e r o  c r o s s i n g s  due t o  n o i s e  o r  h a r m o n i c s .  

The o u t p u t  o f  FF1, i n  t u r n ,  s e t s  L (FF3) t o  

As 

v 

h i g h  s e t t i n g  FF2 w h i c h ,  i n  t u r n ,  r e s e t s  FF3 c a u s i n g  L t o  go t o  z e r o .  FF2 

i s  r e s e t  when vac exceeds +4V. 

goes f r o m  a p o s i t i v e  t o  n e g a t i v e  v a l u e ,  t h e  o u t p u t  o f  c o m p a r a t o r  3 goes ac 
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DC Svstem 

A c i r c u i t  d i a g r a m  o f  t h e  d c  system i s  shown i n  F i g u r e  B . l -9 .  F i g u r e  B . l - 1 0  

i l l u s t r a t e s  t h e  c o r r e s p o n d i n g  s i m u l a t i o n  b l o c k  d iagram.  

Peak Power T r a c k e r  (PPT) 

F i g u r e  B.1-11 shows a b l o c k  d i a g r a m  o f  t h e  peak power t r a c k e r ,  where,  ipVA, 

vPVA r e p r e s e n t  t h e  r i p p l e  components o f  I p V A )  VpVA, r e s p e c t i v e l y .  

h i g h  pass f i l t e r s  used t o  e x t r a c t  t h e  r i p p l e  components have t h e  t r a n s f e r  

The 

f u n c t i o n  

2 HP(s) = S 
s2+200s+40000 

x s  - 
s+5 

3 c - - - 
s3+205s2+41000s+20000 

( B . l - 9 )  

and 'PVA iPVA' A shared m u l t i p l i e r  i s  used t o  c a l c u l a t e  IpVA vPVA 

The o u t p u t  o f  t h e  m u l t i p l i e r  i s  e q u a l  t o  IpVA vPVA 50% o f  t h e  t i m e  and 

'PVA iPVA 
i s  4 kHz. 

f o r  t h e  r e m a i n i n g  50%. The s w i t c h i n g  r a t e  between t h e s e  v a l u e s  

The o u t p u t  o f  t h e  m u l t i p l i e r  i s  c o n n e c t e d  t o  an a u t o m a t i c  g a i n  c o n t r o l l e d  

(AGC) a m p l i f i e r ,  w h i c h  c o n t r o l s  t h e  g a i n  so t h a t  t h e  peak o u t p u t  v o l t a g e  i s  

1 .5  V.  A p o s s i b l e  compu te r  r e p r e s e n t a t i o n  o f  t h e  AGC a m p l i f i e r  i s  d e p i c t e d  

i n  F i g u r e  B.l-12. 
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I n  t h e  s t e a d y  s t a t e ,  pmx and p 

s c a l e d  so t h a t  i t s  peak v a l u e  i s  1 . 5  V .  T h i s  s i g n a l  i s  t h e n  f e d  i n t o  a 

synchronous d e t e c t o r  ( F i g u r e  B.1-11) .  B a s i c a l l y ,  t h e  o u t p u t  o f  t h e  

synchronous d e t e c t o r ,  E, i s  equa l  t o  +p 

h i g h  and -p when L i s  low.  L2 i s  d e t e r m i n e d  by t h e  c o u n t e r  

a s s o c i a t e d  w i t h  t h e  PLL, ( F i g u r e  B.1-6) i . e . ,  

appear  i d e n t i c a l  e x c e p t  t h a t  p 
my my 

i s  

whenever t h e  l o g i c  s i g n a l  L2 i s  
my 

my 2 

( t )  < goo O0 < Qvcc L = 1  when 2 

( B .  1-10) 

L2 = 0 o t h e r w i s e .  

The o u t p u t  o f  t h e  synchronous d e t e c t o r ,  E, i s  t h e n  i n t e g r a t e d  t o  g i v e  PTO, 

wh ich ,  i n  t u r n ,  c o n t r o l s  t h e  c u r r e n t  r e f e r e n c e ,  ( F i g u r e  B .  1-5) .  I r e f  

I t  s h o u l d  be n o t e d  t h a t  t h e  computer  r e p r e s e n t a t i o n  o f  t h e  AGC a m p l i f i e r  i s  

a p p r o x i m a t e .  The a c t u a l  c i r c u i t  i s  h i g h l y  n o n l i n e a r  and depends upon a 

t r a n s i s t o r  ' b e t a '  w h i c h  i s  n o t  w e l l  c o n t r o l l e d .  A l t h o u g h  t h e  pe r fo rmance  o f  

t h e  a c t u a l  AGC a m p l i f i e r  may be somewhat d i f f e r e n t ,  t h e  d i f f e r e n c e  i s  n o t  

l i k e l y  t o  be i m p o r t a n t  s i n c e  t h e  o u t p u t  o f  t h e  AGC feeds  a r e l a t i v e l y  s low  

i n t e g r a t o r  whose o u t p u t  i s  n o t  l i k e l y  t o  change s i g n i f i c a n t l y  d u r i n g  t h e  t i m e  

o f  i n t e r e s t .  
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B.2 EMTP I m p l e m e n t a t i o n  

The TESLACO s t a t i c  power c o n v e r t e r  model g i v e n  i n  t h e  p r e v i o u s  s e c t i o n  was 

implemented on EMTP. T h i s  was n o t  a lways  a s t r a i g h t f o r w a r d  p r o c e s s .  Most  o f  

t h e  model ( t h e  c o n t r o l  c i r c u i t r y )  was r e p r e s e n t e d  u s i n g  t h e  t r a n s i e n t  

a n a l y s i s  o f  c o n t r o l  systems (TACS) p o r t i o n s  o f  EMTP. The r e s t  o f  t h e  model 

i n v o l v e d  i n  t h e  c o n v e r s i o n  o f  P V  a r r a y  dc power t o  ac power was r e p r e s e n t e d  

i n  a normal EMTP e l e c t r i c a l  n e t w o r k .  F i g u r e  B.2-1 i n d i c a t e s  t h e  o v e r a l l  f l o w  

o f  s i g n a l s  between t h e  EMTP n e t w o r k  and t h e  v a r i o u s  components o f  t h e  model 

r e p r e s e n t e d  i n  TACS. F i g u r e s  8.2-2 t h r o u g h  B.2-11 g i v e  d e t a i l s  o f  t h e  

i m p l e m e n t a t i o n  o f  each component o f  t h e  model .  

The TACS p o r t i o n  o f  EMTP has p r e d e f i n e d  " d e v i c e s "  w i t h  w h i c h  t h e  u s e r  can 

model t y p i c a l  c o n t r o l  f u n c t i o n s .  Most  o f  t h e  b l o c k s  i n  t h e  f i g u r e s  c o n t a i n  a 

number, an "S", o r  an I'F" i n  t h e  upper  r i g h t - h a n d  c o r n e r .  A number r e f e r s  t o  

t h e  number o f  t h e  TACS supp lementa l  d e v i c e  used ( s e e  EMTP R u l e  Book [ZZ]). 

An 'IF" i n d i c a t e s  t h a t  a F o r t r a n  e x p r e s s i o n  was used t o  a c c o m p l i s h  t h e  

f u n c t i o n  d e s c r i b e d  i n  t h e  b l o c k .  

a t r a n s f e r  f u n c t i o n .  

t r i a n g l e  c o n t a i n i n g  l e t t e r s .  These t r i a n g l e s  i n d i c a t e  c o n t r o l  o f  t h e  b l o c k  

as f o l l o w s :  R - r e s e t ,  RV- reset  v a l u e ,  S-sample. A s m a l l  box w i t h  a shaded 

a r r o w  c o n t a i n i n g  a s i g n a l  name i n d i c a t e s  t h i s  s i g n a l  i s  an i n t e r f a c e  v a r i a b l e  

An "S" i n d i c a t e s  t h a t  t h e  b l o c k  r e p r e s e n t s  

Some o f  t h e  d e v i c e  b l o c k s  c o n t a i n  s i g n a l s  p o i n t i n g  t o  a 

between t h e  EMTP e l e c t r i c a l  n e t w o r k  and TACS. 

The most  compl 

a r e  shown i n  F 

c a t e d  p o r t i o n s  o f  t h e  EMTP i m p l e m e n t a t i o n  o f  t h e  TESLACO mode 

g u r e s  B.2-7 and B.2-8. They were t h e  phase c o m p a r a t o r  and 



l o o p  f i l t e r  i m p l e m e n t a t i o n s  i n  w h i c h  two s i g n a l s  w i t h i n  t h e  phase l o c k e d  l o o p  

a r e  compared, a c u r r e n t  p u l s e  w i t h  d u r a t i o n  equa l  t o  t h e  phase e r r o r  i s  

genera ted ,  and t h e  c u r r e n t  p u l s e  i s  a p p l i e d  t o  a l o o p  f i l t e r  t o  g e n e r a t e  a 

v o l t a g e  e r r o r  s i g n a l  t o  t h e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r .  The reason t h i s  

i m p l e m e n t a t i o n  was so c o m p l i c a t e d  i s  t h a t  t h e  s o l u t i o n  t i m e  s t e p  used f o r  t h e  

EMTP model was 46.296 usec o r  1' o f  60 Hz. The phase e r r o r  measured i n  t h e  

phase l o c k e d  l o o p  needed t o  be  more a c c u r a t e  t h a n  j u s t  t o  w i t h i n  lo. 

T h e r e f o r e ,  an e l a b o r a t e  model was implemented t h a t  i n t e r p o l a t e d  z e r o  

c r o s s i n g s  o f  t h e  compared s i g n a l s  t o  t i m e s  w i t h i n  a t i m e  s t e p ,  d e t e r m i n e d  t h e  

d u r a t i o n  o f  t h e  c u r r e n t  p u l s e ,  and charged and d i s c h a r g e d  t h e  c a p a c i t o r s  o f  

t h e  l o o p  f i l t e r  as  needed w i t h i n  a t i m e  s t e p .  F i g u r e s  B.2-12 and B.2-13 h e l p  

t o  e x p l a i n  t h i s .  F i g u r e  8.2-13 shows t h e  s i t u a t i o n  when b o t h  s i g n a l s  c r o s s e d  

z e r o  between t h e  l a s t  t i m e  s t e p  and t h e  p r e s e n t  one. The t i m e s  T 1  and T2 a r e  

c a l c u l a t e d  by i n t e r p o l a t i o n .  T h e r e f o r e ,  a p u l s e  o f  c u r r e n t  w i t h  d u r a t i o n  

T l -TZ s h o u l d  be  a p p l i e d  t o  t h e  l o o p  f i l t e r  f o r  o n l y  a p o r t i o n  o f  t h e  t i m e  

between t h e  l a s t  t i m e  s t e p  and t h e  p r e s e n t  one. F i g u r e  B.2-12 shows t h e  

c i r c u i t  o f  t h e  l o o p  f i l t e r  and how t h e  v o l t a g e  changes on t h e  two c a p a c i t o r s  

t h a t  make up t h e  f i l t e r .  F o r  t h e  p o r t i o n  o f  t h e  t i m e  s t e p  b e f o r e  s i g n a l  

U#VACF c r o s s e d  z e r o  ( A t - T l ) ,  t h e  c u r r e n t  p u l s e  was z e r o  and o n l y  VC2 

changed. 

U#VPVT c r o s s e d  z e r o  (T l -TZ) ,  t h e  c u r r e n t  p u l s e  was a p p l i e d  t o  t h e  f i l t e r  and 

b o t h  V C 1  and VC2 changed. F o r  t h e  p o r t i o n  o f  t h e  t i m e  s t e p  a f t e r  U#VPVT 

c r o s s e d  z e r o  (TZ), t h e  c u r r e n t  was z e r o  and o n l y  VC2 changed. 

i m p l e m e n t a t i o n  w i l l  i n c l u d e  t h e  e f f e c t  o f  a l l  t h r e e  o f  t h e s e  i n t e r v a l s  when 

d e t e r m i n i n g  a v a l u e  f o r  V i n  a t  t i m e  t. The i m p l e m e n t a t i o n  was g e n e r a l  

enough t o  c o v e r  a l l  p o s s i b l e  c o m b i n a t i o n s  o f  z e r o  c r o s s i n g s ,  whether  t h e y  

o c c u r r e d  w i t h i n  t h e  same t i m e  s t e p  o r  on d i f f e r e n t  t i m e  s t e p s .  

F o r  t h e  p o r t i o n  o f  t h e  t i m e  s t e p  a f t e r  U#VACF c r o s s e d  and b e f o r e  

The EMTP 
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R,= W O O O A  
C ,  = 6 . 8  p p  
C 2 '  -23 Puf 

FOR I = 0; VCl IS UNCHANGED 

F I B U R E  8-2-12 L O O P  F l L T E R  I N  PHASE LOCKED LOOP 

I I 

T+AT 

F I G U R E  8.2-13 EXAMPLE OF PHASE COHPARATOR O P E R A T I O N  
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TESLACO Model Da ta  F i l e  L i s t i n g  

A l i s t i n g  o f  t h e  EMTP/TACS d a t a  f i l e  f o l l o w s .  

s e c t i o n s  w i t h  t h e  TACS s e c t i o n  t r e a t e d  a s  an INSERT f i l e  t o  t h e  EMTP f i l e .  

T h i s  f i l e  i s  t h e  base f i l e  used f o r  t h e  i s l a n d i n g  s t u d y .  The s t u d y  was 

p e r f o r m e d  on t h e  M39 A p o l l o  v e r s i o n  o f  EMTP. 

The f i l e  i s  d i v i d e d  i n t o  two 



BEGIN NEW DATA CASE 
C 
C DATA FILE NAME = SHEN12-1V1A 
C 
C 
C 
C TITLE : 

C 
C 
C 
C 
C 

CASE NO. CALCULATION NO. 

DATE : 

DATE : 

C ORIGINATING ENG.: 
C 
C REVIEWING ENG.: 
C 
C 
C REVISED LINE FILTER BASED ON ACTUAL TESLACO 
ABSOLUTE TACS DIMENSIONS 

15 90 95 30 200 3600 2000 200 

1 5 1 3 1 -1 2 
46.296-63000.E-3 0. 0 .  1.OE-8 

25 1000 
TACS HYBRID 
C 
$INCLUDE,TESLACO-UNIT 
33UlVDC UlIPVAUlPOWRUlPTO UlVIN UlPHERUlFREQ 
33UlVPVXUlVPVTUlVACF 
C 
9 90PEN =(TIMEX.LT..39997)-.5 
C 

C BRANCH CARDS 

C ADD INTERNAL LOAD TO SOAK UP 76 VARS (NET 100 VARS) 

C 
C OUTPUT LOAD ( 2280W+J494.4V ) (V=231.6) 

C ( -J404.4 

C 
C INDUCTOR DISSIPATION RESISTORS 

UlVCPlUlVACN 1.0 

UlVACNUlVCPl 1872.1 

UlVACJUlVACN 22.46912.924 

UlVACNUlVACJ 20.0 

UlVB2 UlBRDP 12.00 
UlOTPlUlVCPl 4.00 

C LINE FILTER (REVISED - ZERO PHASE SHIFT) 
UlVACPUlVFl 3.3934 
UlVFl UlVACN 5.9 
UlVFl UlVF2 3.47E6 
UlVF2 UlVACN 18.4-6 
UlVF2 UlVF3 70.3-6 
UlVF3 UlVACN 3.3439 

UlVB2 UlBRDP .02 .6 
C UNFOLDER CIRCUIT PARAMETERS 

2 

2 
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UlBRDPUlBRDN 4.7 
UlBRDPUlBRDN 30. 2.2 
UlOTPlUlVCPl ,0075 .2 

TRANSFORMER UlTRNS 

lUlVB 1.OE-3 1 
2UlVB1 UlBRDN 1.OE-3 1 

TRANSFORMER TRAND 

C ISOLATION TRANSFORMER TO ALLOW GROUNDED SOURCE 

9999 

C 5OKVA DISTRIBUTION TRANSFORMER 

9999 
c lVSYS .001 .001 7200. 
c 2SYSP1 .036 .0955 120. 
c 3  SYSN .036 ,0955 120. 
lVSYS .0001 7200. 
2SYSP1 .0001 120. 
3 SY SN .0001 120. 

C SWITCH CARDS 
C SWITCH TO SEND BUCK STAGE OUTPUT CURRENT TO TACS 

C SWITCH TO SEND UNFOLDER STAGE OUTPUT CURRENT TO TACS 
UlVBl UlVB2 -1. 1E4 

UlOUTPUlOTPl -1. 1E4 
UlBRDPUlBRXP -1. 1E4 
UlVCPlUlVACP -1. 1E4 
UlVACPUlVACJ -1. 1E4 

C SWITCH TO MONITOR THE LOAD CURRENT FROM THE SYSTEM 
C UlVACPSYSPl -1. .130 
C UlVACNSYSN -1. .130 
13UlVACPSYSPl CLOSED 
13UlVACNSYSN CLOSED 
C UNFOLDER TRANSISTORS 
13UlBRXPUlOUTP 
13 UlBRXPUlVACN 
13UlOUTPUlBRDN 
13UlVACNUlBRDN 

C SOURCE CARDS 
C VOLTAGE OUTPUT OF BUCK STAGE FROM TACS 
6 OUlVB 
C SYSTEM SOURCE 
l4VSYS 9825.9 60. -180.00 

UlVB 

C PLOT CARDS 
FOURIER ON 5 
182100 23. 24. UlVCPlUlVACN 
192100 23. 24. UlVCPlUlVACP 
192100 23. 24. UlVACPSYSPl 
FOURIER OFF 

BEGIN NEW DATA CASE 

1 
1 
1 
1 

1 

OPEN 11 
OPEN 11 

UlPOS 
UlNEG 
UlNEG 
UlPOS 

-1. 

-1. 



c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
C MODEL FOR TESLACO 4.OKW INVERTER 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
$LISTOFF 
C 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS STARTING SIGNAL 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
11U#TPL1 .10000 
C 
99U#VAW1 =U#VAW.GE.O 
88U#DVW159+U#VAW1 
88U#TPLQ =(U#DvWl.GT.O.).AND.(TIMEX.LT..0167).AND.(TIMEX.GT..0001) 
88U#TPL262+TIMEX U#TPLQ 
C 
7 7U#TPL2 100. 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS BUCK STAGE (12 OHM MODEL) 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
9lU#VBl -1. 1.E4 
99U#CNZ =.03077*U#VBl 
88U#IREF =U#REFW*U#VM1*.2 
99U#VB =(U#IREF-U#CNZ)*390. 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS UNFOLDER CIRCUIT LOGIC 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
9 0 U# VACP 
99U#VAW =U#VACP-U#VACN 
99U#SC =U#VAW*5./339.4 
99U#SCO 53+U#SC .00050DELTAT 
C COMPARATOR #1 - SET SIGNAL TO FLIP FLOP #1 
99U#Cl =(U#SC.GT.O.).OR.((U#SC.EQ.O.).AND.(U#SCO.LT.O.)) 
C COMPARATOR #2 - RESET SIGNAL TO FLIP FLOP #1 
99U#C2 =U#SC.LT.-4. 
C COMPARATOR #3 - SET SIGNAL TO FLIP FLOP #2 
99U#C3 =(U#SC.LT.O.).OR.((U#SC.EQ.O.).AND.(U#SCO.GT.O.)) 
C COMPARATOR #4 - RESET SIGNAL TO FLIP FLOP #2 
99U#C4 =U#SC.GT.4. 
C FLIP FLOP #1 - SET SIGNAL FOR FLIP FLOP #3 
99U#DC1 59+U#C1 
99U#DC2 59+U#C2 
99U#FF1053+U#FF1 .00050DELTAT 
99U#FF1 =((U#FFlO.EQ.1).AND.(U#DC2.LE.O)).OR.(U#DCl.GT.l) 
C FLIP FLOP #2 - RESET SIGNAL FOR FLIP FLOP #3 
99U#DC3 59+U#C3 
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99U#DC4 59+U#C4 
99U#FF2053+U#FF2 .00050DELTAT 

C FLIP FLOP #3 
99U#DFF159+U#FF1 
99U#DFF259+U#FF2 
99U#FF3053+U#FF3 .00050DELTAT 
99U#FF3 =((U#FF30.EQ.l).AND.(U#DFF2.LE.O)).OR.(U#DFFl.GT.l) 
C OUTPUT TO EMTP TACS CONTROLLED SWITHES - UNFOLDER TRANSISTORS 
99U#POS =U#FF3.AND.(TIMEX.GT.U#TPL2) 
99U#NEG =(.NOT.U#FF3).AND.(TIMEX.GT.U#TPL2) 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS DC CONTROL 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
88U#IPVX =U#IPVA*U#SEL 

- 99U#FF2 =((U#FF2O.EQ.l).AND.(U#DC4.LE.O)).OR.(U#DC3.GT.l) 

88U#IDC =(U#VB*U#VBl)/U#VDC 
lU#VDC +U#IPVX -U#IDC 

1. 0 .  
0. .006 

88U#VFB =U#VDC/sO. 
88U#VM1 62+U#VFB +U#PTO 

1.0 

U# ZROD 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS PV ARRAY MODEL 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
11U#CLTC 28.00 
11U#ISRT 2.52 
11U#AIDL 1.92 
11U#BIDL 1.92 
11U#NP 8.78 
11U#NS 426.4 
99U#CLTK =U#CLTC+273.18 
99U#ILG =U#NSOL/lOO.*(U#ISRT+.OOl7*(U#CLTC-28.)) 
99U#IOS =7.31E-13*U#CLTK**3*EXP(l2886./U#BIDL*(,OO332-l./U#CLTK)) 
88U#IPVA ~U#NP*U#ILG-U#NP*U#IOS*(EXP(11601.*U#VDC/U#NS/U#AIDL/U#C~TK)-l.O) 
C 
77U#NSOL 100.00 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS PHASE COMPARATOR 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
90U#VF3 
9 OU#VACN 
99U#VACF =(U#VF3-U#VACN)*75.4 
11U#CYCL .01666656 
88U#VPVT53+U#VPVX 
99U#VAFD53+U#VACF 

-1 
-1. 

.01667U#CYCL 

.00050DELTAT 
99U#VPTD53+U#VPVT .00050DELTAT 
99U#VACC =(U#VACF.GE.O).AND.(U#VAFD.LT.O).AND.(TIMEX.GT.U#TPLl) 
99U#T1 =(DELTAT*U#VACF)/(U#VACF-U#VAFD) 



99U#VPVC =(U#VPVT.GE.O).AND.(U#VPTD.LT.O).AND.(TIM~.GT,U#TPLl) 
99U#T2 =(DELTAT*U#VPVT)/(U#VPVT-U#VPTD) 
99U#BOTH =(U#VACC.AND.U#VPVD).OR.(U#VPVC.AND.U#VACD) 
99U#DVAC59+U#VACC 
99U#TF1 =(U#VACD.OR.(U#DVAC.GT.O)).AND.((U#VPVD.EQ.O).OR.U#BOTH) 
99U#VACD53+U#TFl .00050DELTAT 
99U#DVPV59+U#VPVC 
99U#TF2 =(U#VPVD.OR.(U#DVPV.GT.O)).AND.((U#VACD.EQ.O).OR.U#BOTH) 
99U#VPVD53+U#TF2 .00050DELTAT 
99U#LT =MINUSl*((U#T2*U#VPVC)+(DELTAT*(.NOT.U#VPVC))) 
99U#EQ =((U#Tl-DELTAT)*V#VACC)-((U#T2-DELTAT)*U#VPVC) 
99U#GT =(U#Tl*U#VACC)+(DELTAT*(.NOT.U#VACC)) 
99U#TWS 60+U#LT +U#EQ +U#GT U#TFl U#TF2 
99U#SIGN60-PLUSl +ZERO +PLUS1 
9 9U#T =ABS(U#TWS) 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS LOOP FILTER 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
99U#GBLT =U#VPVC*U#T2 
99U#GBEQ =(U#TFl.OR.U#TF2)*DELTAT 
99U#GBGT =U#VACC*U#Tl 
99U#TBIG60+U#GBLT +U#GBEQ +U#GBGT U#T1 U#T2 
99U#SMLT =U#VACC*U#Tl 
99U#SMGT =U#VPVC*U#T2 
99U#TSML60+U#SMLT +ZERO +U#SMGT U#T1 U#T2 
99U#VC2A =(U#VC2O*(EXP(-137.74*(DELTAT-U#TBIG)))) 
99U#VC2B =U#SIGN*7.491*(1-EXP(-l37.74*U#T)) 

99U#VC2 =(U#VC2A+U#VC2B)*EXP(-l37.74*U#TSML) 
99U#VClA =U#SIGN*33.37*U#T 
99U#VCl 65+U#VClA 
99U#VIN =U#VCl+U#VC2 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS REFERENCE SIGNAL 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
88U#ADJ =(l5360.+(920*U#VIN))*DELTAT 
88U#SEL =TIMEX.GE.U#TPLZ 
88U#ADJ1 =U#ADJ*U#SEL 
88U#CNT 65+U#ADJl 
88U#VPVX =-339.*COS((2*PI/256.)*U#CNT-.Ol7453) 
88U#REF1 =SIN((2*PI/256.)*U#CNT) 
88U#REFW =ABS(U#REFl) 
88U#REF2 =(U#REFl.GE.ZERO) 
88U#ZROD59+U#REF2 
88U#L2X =(SIN((4*PI/256.)*U#CNT)).GE.ZERO 
88U#L2 =U#L2X+l.O 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS PHASE ERROR SHUT DOWN LOGIC 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

U#TWS ZERO 

U#VC20 +U#VC2 
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c 

C 
88U#PLSE =(U#VPVT.GT.ZERO).AND. (TIMEX.GT.U#TPLl) 
99U#VACQ =(U#VACF.GT.ZERO).AND.(TIMEX.GT.U#TPLl) 
88U#OR1 =((U#VPVX.GE.O).AND.(U#VACQ.NE.l)) 
88U#ORlA =((U#VACQ.EQ.l).AND.(U#VPVX.LT.O)) 
88U#OR2 =((U#PLSE.EQ.l).AND.(U#VACQ.NE,l)) 
88U#OR2A =((U#VACQ.EQ.l).AND.(U#PLSE.NE.l)) 
88U#OROT =((U#ORl.OR.U#OR1A).OR.(U#OR2.OR.U#OR2A)).AND.(TIMEX.GT.U#TPLl) 
88U#ORL 53+U#ORTL .00050DELTAT 
88U#ORTL =(U#ORL+DELTAT)*U#OROT 
88U#ORFL53+U#OROF 
88U#OROF =(U#ORTL.GE.(277.E-6)).OR.(U#ORFL.EQ.l) 
88U#HEMS62+TIMEX U#OROF 
88U#HMMS =TIMEX.GT.(U#HEMS+.lOO) 
88U#SHUT =EXP((lOE2O*U#HMMS)+(lOE2O*U#HMMS)) 
88U#OROP =U#OROT.GT.O. 
88U#DOR059+U#OROP 
88U#PHE164+U#ORL 1. 0. U#DORO 
88U#PHER =U#PHE1/46.3E-6 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS PEAK POWER TRACKER 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

.00050DELTAT 

3U#HPI +U#IPVA 1. 
0. 0. 0. 1. 

200000 * 41000. 205. 1. 

0. 0. 0. 1. 
200000. 41000. 205. 1. 

2 3U# SELX 1.0 500.E-6 250.E-6 
99U#SELY =U#SELX+1.0 
88U#Xl 61+U#VDC +U#IPVA 
88U#X2 61+U#HPI +U#HPV 
88U#PMX =U#Xl*U#X2 
88U#APMX =ABS(U#PMX) 

99U#PXXR =TIMEX.GE..065 

3U#HPV +U#VDC 1. 

OU#PMXA +U#APMX -U#PMXC 

99U#PMXx =U#PMXA*U#PXXR 

2000. 0. 
3.33 1. 

99U#PMXR =(TIMEX.GE..O7) 
88U#PMXP6O+U#PMX +U#PMX +U#PMXC 
88U#PMY =U#PMX/U#PMXP*1.5 
88U#E 61-U#PMY +U#PMY 
99U#CTON =TIMEX.GE..070 
99U#E1 =U#E*U#CTON 

lU#PMXC +U#PMxx 

1U#PTO +U#El 
3.4 0. 
0. 1. 

C 
77U#PTO 2.55 
C 

0 .  

U# SELY 
U# SELY 

0. 1.E20 

1. 

I. PMXR 

u#12 

-1. 



c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS FREQUENCY METER 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
99U#FREQ50+U#VAW 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C INITIAL CONDITIONS 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
7 7U# IPVA 
77U#VDC 
7 7U# IDC 
77U#VM1 
77U#VFB 
77U#PMX 
77U#X1 
77U#X2 
77U#CNT 
77U#HEMS 
C 
$LISTON 
C 

0. 
200.0 

0. 
5. 
5. 

2.0 
1.0 
1.0 
0.0 

100.0 
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.- B.3 Model V a l i d a t i o n  

A f t e r  t h e  model o f  a TESLACO s t a t i c  power c o n v e r t e r  was imp lemented on EMTP, 

i t  was n e c e s s a r y  t o  check  t h e  a c c u r a c y  o f  t h e  i m p l e m e n t a t i o n .  

o r i g i n a l  model ,  P.  C .  Krause and A s s o c i a t e s  s u p p l i e d  f i v e  s i m u l a t i o n s  u s i n g  

A l o n g  w i t h  t h e  

t h i s  model as  imp lemented on an a n a l o g  compu te r  a t  Purdue U n i v e r s i t y .  The 

s i m u l a t i o n s  were f o r  a s i n g l e  TESLACO i n  an i s l a n d  w i t h  p a s s i v e  l o a d  

c o n s i s t i n g  o f  a 288 ohm r e s i s t o r  i n  p a r a l l e l  w i t h  an R L  s e r i e s  b r a n c h  o f  

16.87 ohms and 16 .61  mh. The o n l y  d i f f e r e n c e s  among t h e  f i v e  s i m u l a t i o n s  

were i n  t h e  amount o f  s o l a r  i n s o l a t i o n  and t h e r e f o r e  i n  t h e  o u t p u t  power o f  

t h e  TESLACO. F i g u r e s  8.3-1, B.3-3, B.3-5, 8.3-7, and B.3-9 g i v e  t h e  r e s u l t s  

o b t a i n e d  on t h e  a n a l o g  computer .  F i g u r e s  B.3-2, B.3-4, B.3-6, B.3-8, and 

8.3-10 g i v e  t h e  c o r r e s p o n d i n g  r e s u l t s  w h i c h  were o b t a i n e d  w i t h  EMTP. P l o t s  

f o r  I o  and Ppva a r e  n o t  shown i n  t h e  EMTP r e s u l t s .  O t h e r w i s e ,  t h e  EMTP p l o t s  

c o r r e s p o n d  one f o r  one w i t h  t h e  Purdue p l o t s .  
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FIGURE B13-2 EMTP COMPUTER KIDEL RESULTS OF TESLACO SPC WITH 
INSOLATION = 60 W/C$ 
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FIGURE B13-4 EfITP CGMPUTER MODEL RESULTS OF TESIACO SPC WITH 
INSOLATION = 70 W/C$ 
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FIGURE B,3-6 EMTP COMPUTER MODEL RESULTS OF TEswco SPC WITH 
I NSOIATION = $0 W/C$ 
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FIGURE B,3-7 ANALOG COMPUTER MODEL RESU' TS OF TESLACO 
SPC WITH INSOLATION = 90 MW/CM2 
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FIGURE B,3-8 ffvp COMPUTER KIDEL RESULT OF TEswco SPC WITH a INSOLATION = 9 W/C 
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F I G U R E  B,3-9 ANALOG COMPUTER MODEL RES' ILTS OF TESLACO 
SPC WITH INSOLATION = 100 MW/CM2 
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FIGURE B13-10 E1"TTP COMPUTER MODEL RESULTS OF TEswco SPC W I T H  
INSOLATION = 100 W/C$ 
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B . 4  S i m p l i f i e d  Model 

Because o f  t h e  c o m p l e x i t y  o f  t h e  SPC models  and t h e  EMTP program i t s e l f ,  t h e  

t i m e  i n v o l v e d  i n  computer  s i m u l a t i o n s  i s  q u i t e  l o n g .  A s i m p l i f i e d  model t h a t  

can be used t o  make an i n i t i a l  s c r e e n i n g  c a l c u l a t i o n  c o u l d  decrease t h e  

s i m u l a t i o n  t i m e  s u b s t a n t i a l l y  and e l i m i n a t e  t h e  need f o r  some o f  t h e  d e t a i l e d  

EMTP s i m u l a t i o n s .  I n  t h i s  s e c t i o n  t h e  deve lopment  and i s l a n d i n g  pe r fo rmance  

o f  a s i m p l e  model f o r  a c o m m e r c i a l l y  a v a i l a b l e  se l f -commuta ted  SPC i s  

d e s c r i b e d .  

The SPC i s  t h e  TESLACO whose o p e r a t i n g  p r i n c i p l e  i s  based on t h e  h i g h -  

f r e q u e n c y  l i n k  approach as  d e s c r i b e d  b e f o r e  ( F i g u r e  B.1-1) .  

The a i m  o f  t h e  s i m p l i f i e d  model i s  t o  d e t e r m i n e  t h e  response o f  t h e  SPC i n  

t e r m s  o f  dc o r  rms v a l u e s  o f  system v a r i a b l e s  i n s t e a d  o f  i n s t a n t a n e o u s  t i m e  

domain waveforms. The r e s u l t s  o f  t h e  s i m u l a t i o n s  a r e  g i v e n  i n  t e r m s  o f  t h e  

" run-on  t i m e "  w h i c h  i s  d e f i n e d  as t h e  t i m e  e l a p s e d  between t h e  u t i l i t y  power 

i n t e r r u p t i o n  and t h e  d i s c o n n e c t i o n  o f  SPC f r o m  t h e  l i n e .  The model s h o u l d  

p r e d i c t  t h e  r u n  on t i m e s  o p t i m i s t i c a l l y  under  a l l  o p e r a t i n g  c o n d i t i o n s  and 

i n d i c a t e  t h e  p rob lem a r e a s  s u f f i c i e n t l y  c l o s e .  

U s i n g  t h e  d e t a i l e d  model o f  EMTP computer  s i m u l a t i o n s  and c o n s i d e r i n g  t h e  

e f f e c t s  o f  SPC c o n t r o l  a l g o r i t h m  d u r i n g  i s o l a t e d  o p e r a t i o n ,  s i m p l i f y i n g  

assumpt ions  were e s t a b l i s h e d  and an e q u i v a l e n t  c i r c u i t  was o b t a i n e d .  

e q u i v a l e n t  c i r c u i t  i s  composed o f  f o u r  s e c t i o n s :  C o n v e r t e r ,  Phase-Locked 

Loop, C o n t r o l  System, and P h o t o v o l t a i c  A r r a y .  The d e t a i l s  o f  each s e c t i o n  

a r e  p r o v i d e d  be low.  

The 

B-54 



P- 

& 
0)  u 
& 
al 

0 
U 

al c u 
& 
0 cu 

9 
& 
M a 
d 
n 



C o n v e r t e r  

The c o n v e r t e r  p a r t  o f  t h e  e q u i v a l e n t  c i r c u i t  c h a r a c t e r i z e s  t h e  dc-ac 

c o n v e r s i o n  p r o c e s s ,  and i n c l u d e s  t h e  r e c t i f i e r ,  u n f o l d e r ,  f i l t e r s ,  l i n e  

f i l t e r ,  u t i l i t y  and l o a d  ( F i g u r e  B.4-1). I n  t h e  e q u i v a l e n t  c i r c u i t ,  t h e  

e f f e c t s  o f  t h e  v o l t a g e  f e e d f o r w a r d  and c u r r e n t  feedback  c o n t r o l s  a r e  

r e p r e s e n t e d  by  a s y n t h e s i z e d  n o n - d i s s i p a t i v e  i n t e r n a l  r e s i s t a n c e  and shown as 

t h e  12.0 ohm r e s i s t o r  i n  F i g u r e  B.4-1. The t r a n s i e n t s  due t o  t h e  o p e r a t i o n  

o f  t h e  u n f o l d e r  a r e  n e g l e c t e d  s i n c e  t h e  SPC o p e r a t e s  around u n i t y  power 

f a c t o r .  

The u t i l i t y  power i n t e r r u p t i o n  i s  s i m u l a t e d  by t h e  o p e r a t i o n  o f  t h e  s w i t c h  

shown i n  F i g u r e  B.4-1. B e f o r e  t h e  s w i t c h  opens, t h e  SPC i s  i n  t h e  

p r e - i s l a n d i n g  mode and i t s  o p e r a t i o n  can be d e s c r i b e d  by t h e  f o l l o w i n g  

e q u a t i o n s :  

(B.4-1) 

(B.  4-2) 
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A f t e r  t h e  u t i l i t y  s w i t c h  opens, t h e  c o n v e r t e r  goes i n t o  t h e  i s l a n d i n g  mode, 

and t h e  f o l l o w i n g  e q u a t i o n s  d e s c r i b e  t h e  c o n v e r t e r  o p e r a t i o n .  

(B .  4-3) 

(B .  4-4) 

The c o n s t a n t s  KSr, K5i, Ksr and Ksi can be d e t e r m i n e d  f r o m  t h e  

c o n v e r t e r  e q u i v a l e n t  c i r c u i t  d iagram.  

Phase- Loc ked Loop 

The phase- locked l o o p  (PLL) i s  r e s p o n s i b l e  f o r  s y n c h r o n i z i n g  t h e  SPC c o n t r o l  

system t o  t h e  u t i l i t y  g r i d  f o r  u n i t y  power f a c t o r  o p e r a t i o n .  

e q u i v a l e n t  model,  t h e  PLL s e t s  t h e  a n g l e  o f  t h e  c o n v e r t e r  r e f e r e n c e  v o l t a g e  

( i . e . ,  02) depend ing  upon t h e  a n g l e  o f  t h e  l i n e  f i l t e r  v o l t a g e  ( i . e . ,  

O1). A t  s t e a d y - s t a t e  t h e  PLL o p e r a t i o n  i s  d e s c r i b e d  b y  t h e  f o l l o w i n g  

e q u a t i o n  : 

I n  t e r m s  o f  t h e  

o2 = O1 + goo. (B.4-5) 
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D u r i n g  i s l a n d i n g ,  t h e  dynamics o f  t h e  PLL o p e r a t i o n  a r e  d e s c r i b e d  by 

Q 2 ( S )  = PLL(S)*Ql(S) + 9o . /s ,  (B .  4-6) 

where PLL(s) i s  t h e  c l o s e d - l o o p  t r a n s f e r  f u n c t i o n  o f  t h e  PLL e q u i v a l e n t  model 

shown i n  F i g u r e  B.4-2 [26] .  

The PLL u t i l i z e d  i n  TESLACO i s  an RCA 4046, w h i c h  i s  a d i g i t a l - a n a l o g  PLL. 

The PLL e q u i v a l e n t  model shown i n  F i g u r e  B.4-2 was o b t a i n e d  u s i n g  t h e  

p r o c e d u r e  o u t l i n e d  i n  B e s t  [26] .  I n  t h e  a c t u a l  system, t h e  l o o p  f i l t e r  i n p u t  

i s  a p u l s e  whose d u t y  c y c l e  i s  p r o p o r t i o n a l  t o  phase e r r o r .  I n  t h i s  a n a l y s i s  

t h e  average v a l u e  o f  t h e  p u l s e  waveform i s  assumed t o  be  p r o p o r t i o n a l  t o  t h e  

phase e r r o r .  

C o n t r o l  System 

The c o n t r o l  system o f  t h e  TESLACO SPC i s  based on  f e e d f o r w a r d  v o l t a g e  

c o n t r o l ,  and i n c l u d e s  a maximum power p o i n t  t r a c k e r  (MPPT). The c o n t r o l l e r  

a d j u s t s  t h e  magn i tude o f  t h e  i n t e r n a l  r e f e r e n c e  v o l t a g e  ( i . e . ,  V R e f )  o f  t h e  

c o n v e r t e r  so t h a t  a t  s t e a d y - s t a t e ,  t h e  PV a r r a y  o p e r a t e s  a t  i t s  maximum power 

p o i n t  (MPP). Due t o  t h e  s l o w  r e s p o n s e  t i m e  o f  t h e  MPPT, t h e  PV a r r a y  may n o t  

o p e r a t e  a t  i t s  MPP d u r i n g  i s o l a t e d  o p e r a t i o n  b u t  a t  a n o t h e r  p o i n t  as  

d e t e r m i n e d  by t h e  c i r c u i t  c o n f i g u r a t i o n .  A l s o  d u r i n g  i s o l a t e d  o p e r a t i o n ,  t h e  

MPPT can o n l y  decrease t h e  run-on t i m e  s i n c e  i t  c o n t i n u o u s l y  p e r t u r b s  t h e  

o p e r a t i n g  p o i n t .  F o r  t h e s e  r e a s o n s  t h e  MPPT o p e r a t i o n  can be n e g l e c t e d ;  t h a t  



i s ,  i t s  e f f e c t  can be c h a r a c t e r i z e d  by a c o n s t a n t  (CMPPT) d u r i n g  t h e  i s o l a t e d  

o p e r a t i o n  o f  t h e  SPC. 

VRef  = 1.56*VpvA + 78.O*CMPPT, (B .  4-7) 

where 

CMPPT = The o u t p u t  v o l t a g e  o f  t h e  maximum power p o i n t  t r a c k i n g  c o n t r o l l e r .  

P h o t o v o l t a i c  A r r a y  

A l i n e a r  e q u a t i o n  i s  u t i l i z e d  t o  d e s c r i b e  t h e  o u t p u t  c h a r a c t e r i s t i c s  o f  t h e  

P V  a r r a y  ( E q u a t i o n  B.4-8).  

maximum power l e v e l  and t h e  c o r r e s p o n d i n g  maximum power p o i n t  v o l t a g e .  

The c o e f f i c i e n t s  a r e  d e t e r m i n e d  f r o m  a s p e c i f i e d  

- (B.  4-8) 'PVA- 'oc PVA - RPVA*'PVA' 

where 

VpVA = p h o t o v o l t a i c  a r r a y  v o l t a g e  ( V )  

IpVA = p h o t o v o l t a i c  a r r a y  c u r r e n t  ( A )  

= p h o t o v o l t a i c  a r r a y  o p e n - c i r c u i t  v o l t a g e  f o r  l i n e a r i z e d  

o u t p u t  c h a r a c t e r i s t i c s  ( V )  
'oc PVA 
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photovoltaic array equivalent internal resistance for 

linearized output characteristics (ohms). 

The open-circuit voltage of the linearized equation is equal to twice the 

maximum power point voltage, and the equivalent internal resistance can be 

determined from the specified maximum power and voltage levels. This 

linearized PV array equation gives reasonably satisfactory results for 

operating points around the maximum power voltage; however, exact equations 

can be used if necessary. 

The power equations are obtained by assuming that the PV array power is 

converted to ac power without any losses; that i s ,  

or 

VPVA*lPVA = 'Ref *I R *cos(op-03) - 12* IR* IR,  

where 

= photovoltaic array output power ( W )  'PVA 

(B .  4-9) 

PIN = The average ac input power to the SPC after the 

synthesized resistance as shown in Figure B.4-1.  

(B. 4-10) 



S o l u t i o n  Method 

To f i n d  t h e  i s o l a t e d  o p e r a t i o n  per fo rmance o f  t h e  SPC, one method o f  a n a l y s i s  

i s  t o  s o l v e  t h e  c o n v e r t e r ,  PLL, c o n t r o l  system, and PV a r r a y  e q u a t i o n s  

s i m u l t a n e o u s l y .  Note  t h a t  t h e  t r a n s i e n t s  a r e  o n l y  i n c l u d e d  i n  t h e  PLL 

e q u a t i o n s ,  whereas c o n v e r t e r  e q u a t i o n s  a r e  complex-ac.  T h e r e f o r e  a 

f u l l - b l o w n  EMTP s o l u t i o n  i s  n o t  r e q u i r e d .  The program "PVISL"  i n  F o r t r a n  77 

was deve loped t o  s o l v e  t h e  prob lem.  The s t r u c t u r e  o f  t h e  program i s  such 

t h a t  t h e  n o n l i n e a r  e q u a t i o n s  o f  t h e  c o n v e r t e r ,  c o n t r o l  system, and PV a r r a y  

a r e  s o l v e d  t o  compute t h e  i n p u t  ( i . e . ,  01) f o r  t h e  PLL s t a t e  v a r i a b l e s  

f o r  each s t e p  o f  t h e  d i f f e r e n t i a l  e q u a t i o n  s o l u t i o n .  Then, t h e  o u t p u t  o f  t h e  

PLL ( i . e . ,  OZ) i s  used t o  update  t h e  c o r r e s p o n d i n g  c o e f f i c i e n t s  o f  t h e  

n o n l i n e a r  e q u a t i o n s .  The p r o c e s s  w n t i n u e s  u n t i l  t h e  phase e r r o r  ( i n p u t  t o  

t h e  phase d e t e c t o r )  exceeds t h e  t r i p  s e t t i n g  o f  t h e  TESLACO SPC ( w h i c h  i s  6 

degrees)  and t h e  t i m e  e l a p s e d  i s  t h e  SPC run-on t i m e  f o r  t h e  s p e c i f i e d  l o a d  

and u t i l i t y - g r i d  p a r a m e t e r s ,  More d e t a i l  i s  p r o v i d e d  be low.  

As t h e  f i r s t  s t e p  i n  t h e  program, i n i t i a l  a r r a y  o p e r a t i n g  v o l t a g e  and power,  

g r i d  v o l t a g e ,  l o a d  and l i n e  impedance v a l u e s  a r e  s p e c i f i e d .  

c o n d i t i o n s  on t h e  PLL e q u a t i o n s  and t h e  MPPT c o n t r o l l e r  o u t p u t  a r e  d e t e r m i n e d  

by assuming t h a t  t h e  system i s  i n i t i a l l y  phase- locked.  

p r e - i s l a n d i n g  c o n d i t i o n s ,  E q u a t i o n s  (B.4-1), (B.4-Z), (B.4-5), (6.4-7) and 

(B.4-9) a r e  s o l v e d  s i m u l t a n e o u s l y  f o r  t h e  v a r i a b l e s  V,-, V R e f ,  IR, 

01, O z ,  03, and CMPPT. 

The i n i t i a l  

To f i n d  t h e s e  
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O1 i s  t h e  s t e p  i n p u t  t o  t h e  PLL, and PLL response,  02, 

t h e  n e x t  t i m e  s t e p .  A f t e r  s u b s t i t u t i n g  t h e  c a l c u l a t e d  

t h e  i s l a n d i n g  e q u a t i o n s  a new s e t  o f  e q u a t i o n s  i s  o b t a  

s i m u l t a n e o u s l y  t o  d e t e r m i n e  t h e  n e x t  v a l u e  o f  O1. The 

c o n t i n u e s ,  and i f  t h e  SPC does n o t  r e a c h  i t s  t r i p  s e t t  

A f t e r  t h e  i s o l a t i o n ,  t h e  MPPT o u t p u t ,  CMPPT, and t h e  PLL o u t p u t ,  02, a r e  

assumed t o  s t a y  c o n s t a n t ,  and t h e  a n g l e  o f  o u t p u t  f i l t e r  v o l t a g e ,  01, 

undergoes a s t e p  change as d e t e r m i n e d  by t h e  c i r c u i t  p a r a m e t e r s .  

c a l c u l a t e  01, t h e  i s l a n d i n g  e q u a t i o n s ,  E q u a t i o n s  (B.4-3), (B.4-4), 

(B.4-7), (B.4-8) and (B.4-lo), a r e  s o l v e d  s i m u l t a n e o u s l y  f o r  t h e  v a r i a b l e s  

vF, V R e f 9  IR, ' 1 9  '3, VpVA, and I p V A *  

To 

The new v a l u e  o f  

i s  c a l c u l a t e d  f o r  

v a l u e  o f  O2 i n t o  

ned, w h i c h  i s  s o l v e d  

s i m u l a t i o n  

ng w i t h i n  t h e  

p r e d e t e r m i n e d  s i m u l a t i o n  t i m e ,  t h e  program t e r m i n a t e s  w i t h  a message; 

o t h e r w i s e  t h e  run-on t i m e  i s  o u t p u t  w i t h  t h e  c o r r e s p o n d i n g  system 

parameters .  

Computer S i m u l a t i o n  R e s u l t s  

The r e s u l t s  o f  computer  s i m u l a t i o n s  a r e  shown i n  F i g u r e  B.4-3, where t h e  

i s l a n d i n g  per fo rmance o f  t h e  SPC i s  c h a r a c t e r i z e d  i n  t e r m s  o f  run-on t i m e s  as 

a f u n c t i o n  o f  b o t h  r e a l  and r e a c t i v e  power mismatch between g e n e r a t i o n  and 

t h e  l o a d .  These r e s u l t s  w i l l  a c c u r a t e l y  and o p t i m i s t i c a l l y  p r e d i c t  t h e  

i s l a n d i n g  per fo rmance o f  t h e  se l f -commuta ted  TESLACO SPC. T h i s  i s  shown i n  

F i g u r e  B.4-4 where t h e  l a b  t e s t s  p e r f o r m e d  a t  Sandia ( s e e  S e c t i o n  3 .2 )  a r e  

compared w i t h  EMTP s i m u l a t i o n s  and w i t h  t h e  r e s u l t s  o f  t h e  s i m p l i f i e d  model .  
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S i m p l i f i e d  M o d e l  F o r t r a n  Source Code  

SIMULATION OF TESLACO STATIC POWER CONVERTER 

A S I M P L I F I E D  MODEL 

DIMENSION XINIT(15),ALPHA(15,15),BETA(15),INDX(15),Y(lO), 
*DYDX(lO),THZD(1500) 

CHARACTER*SO,TITLE 
COMMON/PREISL/A1,B1,C1,Dl,E1,FI,G1,H1 
COMMON/ISL/AZ,BZ,EZ,FZ 
COMMON/SYSTEM/RLINE,XLINE,RLOAD,XLOAD 
COMMON/VP/VUTIL,PPVA,RDCONV 
COMMON/CONSTANT/TH2,CON1,CON2,CON3,CON4,PPT 
COMMON/INPUT/THE 

OPEN(UNIT= lO,F ILE= 'TESLAIN.DAT'  ,STATUS='OLD') 
READ( 10, *) 
READ( 10, * ) T I T L E  

PRINT*  , T I T L E  
READ( 10, *) 
READ( 10, *)DT 

PRINT*.DT 

C I N I T I A L I Z A T I O N  

READ( i o ,  
READ( 10, * 
READ( 10, * 
READ( 10, * 
READ( 10, * 
READ( 10, * 
READ( 10, * 
READ( 10, * 
READ( 10,  * 
READ( 10, * 
READ( 10, * 
READ( 10,  * 
READ( 10, * 
READ( 10,  * 
READ( 10, * 
READ( 10, * 
READ( 10, * 
READ( 10, * 

PRINT* ,  

TMAX 

M 

RL INE 

XL INE 

R LOAD 

X LOAD 

VUTI  L 

PPVA 

VPVA 
P VA 

C LOSE( UNIT= 10) 
OPEN(UNIT=ZO,FILE='TESLAOUT.DAT',STATUS='UNKNOWN') 

READ*, T I T L E  
PRINT* ,  'ENTER P L L  GAIN;  "TO STOP ENTER A NEGATIVE #'I '  

READ*,GAIN 
PRINT*,GAIN, ' G A I N '  

IF(GAIN.LE.O.O)GOTO 998 
PRINT*, 'ENTER PBASE' 
READ*,PBASE 

9 9 9  PRINT*,  ' ENTER T I T L E '  
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PRINT*, 'ENTER PDELTA' 
READ*,PDELTA 
PRINT*, 'ENTER PMAX' 
READ*,PMAX 
MAXPN=(PMAX-PBASE)/PDELTA 
PRINT*, 'ENTER QBASE' 
READ*,QBASE 
PRINT*, 'ENTER QDELTA' 
READ*,QDELTA 
PRINT*, 'ENTER QMAX' 
READ*,QMAX 
MAXQN=(QMAX-QBASE)/QDELTA 

C 
DO 11 MNP=l,MAXPN+l 
PLOAD=PBASE+(MNP-1)"PDELTA 
DO 1 2  NMQ=l,MAXQN+l 
QLOAD=QBASE+(NMQ-1)'QDELTA 

RLP=VUTI L *VUTI  L/PLOAD 
I F( QLOAD. EQ. O.O)QLOAD=O . 1 

XLP=VUTI L *VUTI  L/QLOAD 
RLOAD=RLP*XLP*XLP/(RLP*RLP+XLP*XLP) 
XLOAD=RLP*RLP*XLP/(RLP*RLP+XLP*XLP) 

C 

P R I N T * , ' I N I T I A L I Z I N G  THE SIMULATION'  

F IND EQUIVALENT CIRCUIT  CONSTANTS ( A l , B l , , , , )  
FROM GIVEN LOAD AND L I N E  DATA 

CALL I N I T I A L  
C 
C 
C 
C 
C 

C 

C 

F I N D  PRE-ISLANDING CONDITIONS BY ASSUMING 
STEADY STATE OPERATION 

RDCONV=180./3.1415927 
NTR I A L= 10 

X I N I T (  1)=3.0 

X I N I T ( 3 ) = 3 5 0 .  
X I N I T ( 4 ) = 2 0 . 0  
X I N I T (  5)=0.0 
XINIT(G)=O.O 
N=6 

VF,THl,VB,CB,TH3,TH2 

XINIT(2)=-9O.O/RDCONV 

TOLX=5. E-2 
TOLF=5. E-2 

CALL MNEWT(NTRIAL,XINIT,N,TOLX,TOLF) 
PRINT* ,  ' SOLVING PRE-ISLANDING CONDITIONS' 

CALCULATE THE CONSTANT FOR NEGLECTING THE MPPT 
OPERATION FOR GIVEN PVA VOLTAGE 

C 
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C 
C 
C CALCULATE THE CONSTANTS FOR PVA USING THE MPP 
C VOLTAGE AND POWER 
C VPVA=CONl-CONZ*CPVA 
C 

CONl=VPVA*2. 
CONZ=VPVA*VPVA/PPVA 

C 
C OUTPUT PRE-ISLANDING CONDITIONS 
C 

WRITE( 20,10O)TITLE,DT,TMAX,M 
F O R M A T ( ' l ' , l O X , ' * * *  TESLACO STATIC POWER CONVERTER 

*SIMULATION * * * ' / / I  I , l o x  ,A50 
* / / I  ' , 15X, ' * * *  SIMULATION PARAMETERS * * * I /  

* I  ' , l X , ' T I M E  INCREMENT=',F10.5,3X,'SIMULATION TIME= ' ,  
*F10.5 ,3X, 'OUTPUT FREQ.= ' , I 4 )  

110 FORMAT('O' ,15X, '  *** SYSTEM PARAMETERS * * * I /  

* I  ' ,10X,1RLINE=1,F10.6,5X,1XLINE=',F10.6) 

120 FORMAT(' 1,10X,1RLOAD=1,F10.5,5X,'XLOAD=1,F10.5) 

121 FORMAT(' ',10X,'PLOAD=1,F10.5,5X,1QLOAD=1,F10.5) 

1 2 5  FORMAT(' ',10X,1VUTIL=',F10.2,5X,1 PPVA=' ,F10.2)  

130 FORMAT(' ' , l o x , '  CONl= ' ,E12.5 ,3X, '  CONZ=',E12.5/ '  I ,  

W R I T E ( 2 0 , 1 4 0 ) X I N I T (  1) ,XINIT(2)*RDCONV,XINIT(3), 

100 

WRITE(20,110)RLINE,XLINE 

WRITE(20,120)RLOAD,XLOAD 

WRITE( 20,12 1) P LOAD, QLOAD 

WRITE(20,125)VUTIL,PPVA 

WRITE( 20,13O)CON1, CON2 ,GAIN 

* l o x ,  ' PHASE-LOCKED LOOP GAIN = I , E 1 2 . 5 )  

*XINIT(6)*RDCONV,XINIT(4),XINIT(5)*RDCONV 

* I  ' , l o x , '  VF=' ,E12.5,3X, 'THl=' ,E12.5/  
* I  I , l o x ,  I VB=' ,E12.5 ,3X,  'TH2='  ,E12 .5 /  
* I  I , l o x , '  CB=',El2.5,3X,'TH3=',E12.5) 

WRITE( 20,15O)VPVA, PPVA/VPVA,PPVA,PPT 
FORMAT( I ' ,9X, I VPVA=' , E 1 2 . 5 ,  ZX, I CPVA=' ,E12 .5 /  

* I  I ,9X, 'PPVA=' ,E12.5 ,2X,  I PPT=' ,E12.5)  

140 FORMAT( 'O1,13X, ' * * "  PRE-ISLANDING CONDITIONS * * * I /  

150 

C 
C 
C 
C 
C 
C 
C 
C 

F IND I N I T I A L  CONDITIONS FOR ISLANDING, SPECIFICALLY 
CALCULATE THE CHANGE I N  TH1 AFTER U T I L I T Y  I S  
DISCONNECTED, ASSUME THAT TH2 HAS NOT CHANGED 

P R I N T * , ' F I N D I N G  I N I T I A L  CONDITIONS FOR ISLANDING'  

C 
NT R I A L= 1 0 

X I N I T (  1)=5. 
XINIT(2)=-90./RDCONV 
X I N I T ( 3 ) = 3 5 0 .  
X I N I T (  4)=20. 
X I N I T (  5)=0. 
X I N I T (  6)=200. 
X I N I T ( 7 ) = 2 0 .  

VF,THl,VB,CB,TH3,VPVA,CPVA 
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C 
C 
C 
C 

40 

200 

N=7 
TOLX=5. E-2 
TOLF=5. E-2 
CALL MNEWT(NTRIAL,XINIT,N,TOLX,TOLF) 
THl=XINIT(2) 

PRINT*,'INITIAL CONDITIONS FOUND' 

MO=TMAX/DT/M 
N R=3 
NDELAY=1./60./DT+l 
DO 40 I=l,NDELAY 
TH2D( I)=TH2 
THE=TH1+90./RDCONV-THZD(l) 
YCON1=8.1578125E-4*GAIN 
YCON2=34067.647 
YCON3=147058.82 
YCON4=7.26E-3 
Y(l)=THZ/YCONl/YCON3 

Y( 3)=0. 
T=O . 
ISHUT=O 
WRITE(20.200) 

Y(2)=0. 

FORMAT(//' I ;i5x, I * * *  ISLANDING CONDITIONS ***I  
* / I  ',4X,'TIME',lOX,' VF',lOX,'THl',lOX,' VB1,10X,'TH2' 
* / I  ' , 1 2 X , ' C B 1 , 1 0 X , ' T H 3 ' , 9 X , ' V P V A ' , 9 X , ' P P V A ' )  

*THZ*RDCONV,XINIT(4) ,XINIT(5)*RDCONV,XINIT(6), 
*XINIT(6)*XINIT(7) 

WRITE(20,2lO)T,XINIT(1),XINIT(2)*RDCONV,XINIT(3), 

210 FORMAT(' ' ,5(1X,E12.5)/' ' ,6X,4(1X,E12.5)) 

30 DO 10 I=l,M 

C PRINT*,'SOLVING ISLANDING' 
N T R I A L=2 0 

IF(T.GT.TMAX) GOTO 20 
CALL RK4(Y,DYDX,NR,T,DT,Y) 
TH2=YCON1*(YCON3*Y(l)+YCON2*Y(2)) 

DO 50 J=l,NDELAY-l 
50 THZD(J)=THZD(J+l) 

TH2D( NDELAY )=TH2 
CALL MN EWT( NTR I AL , x I N IT , N , TOLX , TOLF) 

THl=XINIT( 2 1 
THE=TH~+~O. ~RDCONV-THED( 1) 
T=T+DT 
IF(ABS(THE*RDCONV).GE.6.)ISHUT=l 
I F( ISHUT. EQ. 1)GOTO 55 

10 CONTINUE 
55 WRITE(20,2lO)T,XINIT(1),XINIT(2)*RDCONV,XINIT(3), 

*TH2*RDCONV,XINIT(4),XINIT(5)*RDCONV,XINIT(6), 
*XINIT(G)*XINIT(7) 
IF( ISHUT. EQ. 1)GO TO 20 
GOTO 30 

20 CONTINUE 
C PRINT*,'ISLANDING SOLVED' 

PRINT*,' ' 
PRINT*,'PLOAD=' ,PLOAD,'QLOAD=' ,QLOAD 
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I F ( I S H U T . E Q . 1 )  PRINT*, 'TESLACO SHUT-DOWN I N  

I F ( I S H U T . E Q . 0 )  PRINT*, 'TESLACO D I D  NOT SHUT-DOWN I N ' ,  

I F ( I S H U T . E Q . 1 )  WRITE(20,ZZO)T 

I F ( I S H U T . E Q . 0 )  WRITE(20,225)TMAX 

* I  ,T,  ' SECONDS' 

*TMAX,'SECONDS' 

220 FORMAT( ' ' / / /5X, ' TESLACO SHUT-DOWN I N '  , F 1 0 . 5 ,  ' SEC. ' /) 
2 2 5  FORMAT(' ' / / /5X, 'TESLACO D I D  NOT SHUT-DOWN I N  ' , F 1 0 . 5 ,  

* I  SEC. ' / )  
12 CONTINUE 
11 CONTINUE 

GO TO 9 9 9  

STOP 
END 

9 9 8  CLOSE( UNIT=20) 

C 
C 

SUBROUTINE I N I T I A L  
COMMON/PREISL/A1,B1,Cl,D1,El,Fl,G1,H1 
COMMON/ISL/AZ,BZ,EZ,FZ 
COMMON/SYSTEM/RLINE,XLINE,RLOAD,XLOAD 
COMPLEX Z 1  ,Z2 ,Z3 ,Z4,Z5 ,ZF1 ,ZF2 ,ZF3 ,ZF4,ZF5 ,ZF6,  

*Z LOAD, Z L I  NE, CMP LX 
COMPLEX ZF,ZF3456,ZDUMl,ZDUMZ,ZDUM3,ZDUM4,ZDUM5,ZDUM6, 

*ZDUM7,ZDUM8,ZDUM9,ZDUMlO,AlBl,ClDl,ElFl,GlHl,AZB2,EZFZ 
C 

Z1=(12 .02 ,0 .2262)  
Z2=( 0 .0,  - 5 6 4 . 3 7 9 )  
Z3=(30 .0 , -1 .2057193E3)  
Z4=(0 .0075 ,0 .0754)  
Z5=(0 .0 , -2 .65258E3)  
ZF1=(3 .39E4 ,0 .0 )  
ZERO=O. 0 
P I = 3 . 1 4 1 5 9 2 7  
ZF22=-1./2/PI/60./5.9E-6 
Z F2=CMP LX( ZERO, ZF22)  
ZF3=( 3.47E6,O. 0) 
ZF44=-1./2/PI/60./19.E-l2 
ZF4=CMPLX( ZERO, ZF44)  
ZF55=-1./2/PI/60./31.E-12 
ZF5=CMPLX( ZERO, ZF55)  
ZF6=( 3 . 3 4 E 9  ,O.  0) 
ZLOAD=CMPLX( RLOAD, XLOAD) 
ZLINE=CMPLX( RL INE,XL INE)  

Z F3456=ZF4*( ZF5+Z F6) / (  ZF4+ZF5+Z F6)+ZF3 
Z F=Z F 1 +Z F 2  * Z F3 4 5 6/ ( Z F2+Z F 3  4 5 6) 
Z DUM 1=Z 5 * Z LOAD*Z F/ ( Z 5 * Z LOAD+Z F* Z LOAD+Z F* Z 5) 
ZDUMZ=ZZ*Z3/( ZZ+Z3) 
ZDUM3=Z4+ZDUMl*ZLINE/(ZDUMl+ZLINE) 
ZDUM4=ZDUMZ*ZDUM3/(ZDUMZ+ZDUM3) 
A l B 1 = 1 .  /( ZDUM4+Z1) 
ZDUM5=Z 1+ZDUM2*( Z4+ZDUM1)/( ZDUMZ+Z4+ZDUMl) 
AZBZ=l./ZDUM5 
ClDl=-ZDUM4*ZDUMl/ZDUM3/(ZDUM4+Zl)/(ZDUMl+ZLINE) 

C 

8 - 7 0  



I- 

_- 

Z DUM l = Z  5 * Z LOAD/ ( Z 5+Z LOAD) 
ZDUM3=Z 1*ZDUM2/( Zl+ZDUM2) 
ZDUM4=ZDUM3+Z4 
ZDUM5=ZDUMl*ZDUM4/(ZDUMl+ZDUM4) 
ZDUM6=ZFl+ZDUM5 
ZDUM7=ZDUMG*ZFZ/(ZDUM6+ZF2) 
ZDUM8=ZF3+ZDUM7 
ZDUM9=ZDUM8*ZF4/(ZDUM8+ZF4) 
ZDUMlO=ZDUM3*ZDUM5*ZDUM7*ZDUM9/ZDUM4/ZDUM6/ZDUM8/Zl 
E2F2=ZF6"ZDUMlO/(ZDUM9+ZF5+ZF6) 

ZDUMl=Z5*Z LOAD*Z L I  NE/( Z5*Z LOAD+ZLOAD*Z L I  NE+Z L I  NE*Z5) 
ZDUM3=Zl*ZDUMZ/(Zl+ZDUM2) 
ZDUM4=ZDUM3+Z4 
ZDUM5=ZDUMl*ZDUM4/(ZDUMl+ZDUM4) 
ZDUMG=ZFl+ZDUM5 
ZDUM7=ZDUM6*ZF2/(ZDUM6+ZF2) 
ZDUM8=ZF3+ZDUM7 
ZDUM9=ZDUM8*ZF4/(ZDUM8+ZF4) 
ZDUMlO=ZDUM3*ZDUM5*ZDUM7*ZDUM9/ZDUM4/ZDUM6/ZDUM8/Zl 
E l  Fl=ZF6*ZDUMlO/( ZDUM9+ZF5+ZF6) 

A 1 =REAL( A 1 B 1 ) 
B l=AIMAG( A 1  B1)  
C 1=REA L( C 1 D 1) 
D l = A I M A G ( C l D l )  
E l=REA L( E 1 F1) 
F l=AIMAG( E 1 F1) 
G l=REA L( G 1 H 1 ) 
H l=AIMAG( G 1  H 1 ) 

A2=REAL( AZBZ) 
B 2=A I MAG ( A 2  B 2  ) 
EZ=REAL( EZF2)  
F2=AI  MAG( E2  F2 ) 

RETURN 
END 

SUBROUTINE USR(X,ALPHA,BETA) 
COMMON/PREISL/A1,B1,Cl,Dl,El,Fl,G1,H1 
COMMON/VP/VUTIL,PPVA,RDCONV 
DIMENSION X(15),ALPHA(15,15),BETA(15) 
VF=X( 1) 
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TH l = X (  2) 
VB=X( 3) 
CB=X( 4) 
TH3=X( 5) 
TH2=X( 6) 
BETA(l)=-(PPVA+CB*CB*12.0-VB*CB*COS(TH2-TH3)) 
BETA( 2)=-( Al*VB"COS( TH2) -B1  *VB*S I N (  TH2)+C 1 

BETA(3)=-(B1*VB*COS(TH2)+AlkVB*S1N(TH2)+Dl 

BETA(4)=-(El*VB*COS(TH2)-Fl*VB*SIN(TH2)+Gl 

BETA(5)=-(F1*VBXCOS(TH2)+E1*VB*SIN(TH2)+H1 

BETA(6)=-(THl-TH2+90.O/RDCONV) 
ALPHA( 1,1)=0.0 
ALPHA( 1 , 2 ) = 0 . 0  
ALPHA( 1,3)=-CB*COS( TH2-TH3) 
ALPHA(1,4)=-VB*COS(TH2-TH3)+2.*12.0*CB 
ALPHA(l,S)=-VB"CB*SIN(TH2-TH3) 
ALPHA(l,G)=VB*CB*SIN(TH2-TH3) 
ALPHA( 2,1)=0.0 
ALPHA(2,2)=0.0  
ALPHA( 2,3)=Al*COS( TH2) -B l *S IN(  TH2) 
ALPHA(2,4)=-COS(TH3) 
ALPHA( 2,5)=CB*SIN( TH3) 
ALPHA(2,6)=-A1*VB*SIN(TH2)-Bl*VB*COS(TH2) 
ALPHA( 3 ,1 )=0 .0  
ALPHA( 3,2)=0.0 
ALPHA(3,3)=Bl*COS(TH2)+Al*SIN(TH2) 
ALPHA( 3,4)=-SIN( TH3) 
ALPHA( 3,5)=-CB*COS( TH3) 
ALPHA(3,6)=-Bl"VB*SIN(TH2)+Al*VB*COS(TH2) 
ALPHA(4, l )= -COS(THl )  
ALPHA(4,2)=VF*SIN(THl )  
ALPHA(4,3)=E1*COS(TH2)-FlhSIN(TH2) 
ALPHA(4,4)=0.0  
ALPHA( 4 ,5 )=0 .0  
ALPHA(4,6)=-El*VB*SIN(TH2)-Fl*VB*COS(TH2) 
ALPHA( 5,1)=-SIN( TH1) 
ALPHA(5,2>=-VF*COS(THl) 
ALPHA(5,3)=Fl*COS(TH2)+El*SIN(TH2) 
ALPHA(5,4)=0.0 
ALPHA( 5 , 5 ) = 0 . 0  
ALPHA(5,6)=-Fl*VB*SIN(TH2)+El*VB*COS(TH2) 
ALPHA( 6,1)=0.0 
ALPHA( 6 , 2 ) = 1 . 0  
ALPHA( 6 ,3 )=0 .0  
ALPHA( 6,4)=0.0 
ALPHA(6,5)=0.0 
ALPHA(6,6)=-1 .0  
RETURN 
END 

**VUTIL-CB*COS(TH3)) 

* *VUTIL-CB*SIN(TH3) )  

**VUTIL-VF"COS(TH1)) 

* *VUTIL-VF"SIN(TH1) )  

C 
C 

SUBROUTINE USRFUNl( X ,ALPHA,BETA) 
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DIMENSION X (  15) ,ALPHA( 1 5 ;  15) ,BETA( 15)  
VF=X( 1) 

. 

T H ~ = X ( Z )  
VB=X( 3 )  
CB=X( 4) 
TH3=X( 5 )  
VPVA=X( 6) 
C P VA=X ( 7 ) 
BETA(l)=-(VPVA*CPVA+CB*CB*lZ.O-VB*CB*COS(THZ-TH3)) 
BETA(2)=-(AZ*VB*COS(TH2)-BZ*VB*SIN(TH2)-CB*COS(TH3)) 
BETA(3)=-(B2*VB*COS(THZ)+AZ*VB*SIN(THZ)-CB*SIN(TH3)) 
BETA(4)=-(E2*VB*COS(TH2)-F2*VB*SIN(THZ)-VF*COS(THl)) 
BETA(5)=-(F2*VB*COS(TH2)+E2*VB*SIN(TH2)-VF*SIN(THl)) 
BETA(6)=-(VPVA-CONl+CONZ*CPVA) 
BETA(7)=-(VB-1.56*VPVA-78.*PPT) 
ALPHA( 1,1)=0.0 
ALPHA( 1,2)=0.0 
ALPHA(1,3)=-CB*COS(THZ-TH3) 
ALPHA(1,4)=-VB*COS(THZ-TH3)+2.*12.O*CB 
ALPHA(l,S)=-VB*CB*SIN(THZ-TH3) 
ALPHA(l,G)=CPVA 
ALPHA( 1,7)=VPVA 
ALPHA( 2,1)=0.0 
ALPHA( 2,2)=0.0 
ALPHA(2,3)=AZXCOS(TH2)-BZ*SIN(TH2) 
ALPHA(2,4)=-COS(TH3) 
ALPHA(2,5)=CB*SIN(TH3) 
ALPHA( 2,6)=0.0 
ALPHA( 2,7)=0.0 
ALPHA( 3,1)=0.0 
ALPHA( 3,2)=0.0 
ALPHA(3,3)=BZ*COS(THZ)+A2*SIN(THZ) 
ALPHA( 3 ,4 )=-SIN(  TH3) 
ALPHA(3,5)=-CB*COS(TH3) 
ALPHA( 3 ,6 )=0.0  
ALPHA( 3 ,7 )=0 .0  
ALPHA(4,1)=-COS(THl)  
ALPHA(4,2)=VF*SIN(THl )  
ALPHA( 4,3)=EZ*COS( THZ)-FZ*SIN( TH2) 
ALPHA( 4,4)=0.0 
ALPHA( 4,5)=0.0 
ALPHA( 4,6)=0.0 
ALPHA( 4 , 7 ) = 0 . 0  
ALPHA(5 ,1 )= -S IN(TH l )  
ALPHA(5,2)=-VF*COS(THl) 
ALPHA(5,3)=FZ*COS(THZ)+EZ*SIN(THZ) 
ALPHA( 5 , 4 ) = 0 . 0  
ALPHA( 5 ,5 )=0 .0  
ALPHA( 5,6)=0.0 
ALPHA(5,7)=0.0  
ALPHA( 6,1)=0.0 
ALPHA( 6,2)=0.0 



ALPHA( 6 ,3 )=0 .0  
ALPHA( 6,4)=0.0 
ALPHA( 6 ,5 )=0 .0  
ALPHA( 6,6)=1.0 
ALPHA( 6,7)+CON2 
ALPHA( 7,1)=0.0 
ALPHA( 7 ,2 )=0 .0  
ALPHA( 7 , 3 ) = 1 . 0  
ALPHA( 7 4 )=0 .0  
ALPHA( 7 ,5 )=0 .0  
ALPHA(7,6)=-1.56 
ALPHA( 7 7 ) = 0 . 0  
RETURN 
END 

C 
C 

11 

12 

1 3  

C 
C 

11 

12 

SUBROUTINE MNEWT(NTRIAL,X,N,TOLX ,TOLF) 
PARAMETER (NP=15) 
DIMENSION X(NP),ALPHA(NP,NP),BETA(NP),INDX(NP) 
DO 1 3  K= l ,NTRIAL  

IF(N.EQ.6)CALL USR(X,ALPHA,BETA) 
IF (N .EQ.7 )CALL  USRFUNl(X,ALPHA,BETA) 
ERRF=O. 
DO 11 I = l , N  

CONTINUE 
IF(ERRF.LE.TOLF)RETURN 
CALL LUDCMP( ALPHA, N , NP , INDX , D) 
CALL LUBKSB(ALPHA,N,NP,INDX,BETA) 
ERRX=O. 
DO 12 I = l , N  

ERRF=ERRF+ABS( BETA( I ) )  

ERRX=ERRX+ABS(BETA(I)) 
X ( I )=X( I )+BETA( I )  

CONTINUE 
I F( ERRX . LE. TOLX) RETURN 

CONTINUE 
PRINT*,'NEWTON-RAPHSON D I D  NOT CONVERGE' 
RETURN 
END 

SUBROUTINE LUDCMP(A,N,NP,INDX,D) 
PARAMETER (NMAX=100,TINY=1.OE-20) 
DIMENSION A( NP ,NP) , INDX( N) , VV(  NMAX) 
D=1. 
DO 12 I = l , N  

AAMAX=O . 
DO 11 J = l , N  

CONTINUE 
I F  (AAMAX.EQ.0.)  PAUSE 'Singular matrix.' 
VV(  I)=l. /AAMAX 

I F  ( J . G T . l )  THEN 
DO 14 I= l ,J- l  

I F  (ABS(A(I ,J)) .GT.AAMAX) AAMAX=ABS(A(I,J)) 

CONTINUE 
DO 19 J = l , N  

B-74  



13 

14 

15 

16 

17 

18 

19 

C 
C 

_- 

SUM=A( I, J) 
I F  (I .GT. 1)THEN 

DO 1 3  K = l , I - 1  

CONTINUE 
A( I, J)=SUM 

SUM=SUM-A( I, K)*A( K, J) 

ENDI F 
CONTINUE 

ENDI F 
AAMAX=O . 
DO 16 I = J , N  

SUM=A( I, J )  
I F  ( J . G T .  1)THEN 

DO 1 5  K = l , J - l  

CONTINUE 
A( I, J)=SUM 

SUMzSUM-A( I, K)*A( K , J )  

ENDI F 
DUM=VV(I)*ABS(SUM) 
I F  (DUM.GE.AAMAX) THEN 
I MAX= I 
AAM A X = D U M 

ENDI  F 
CONTINUE 
I F  (J.NE.IMAX)THEN 

DO 17 K= l ,N  
DUM=A(IMAX,K) 
A( IMAX , K)=A( J , K) 
A(J,K)=DUM 

CONTINUE 
D=- D 
VV(IMAX)=VV(J) 

ENDI F 
INDX( J )= IMAX 
I F (  J . NE. N)THEN 

I F (  A( J , J) . EQ. 0 .  )A( J , J ) = T I N Y  
DUM=l. /A( J , J )  
DO 18 I = J + l , N  

CONTINUE 
A( I , J )=A( I , J ) *DUM 

ENDI F 
CONTINUE 
IF(A(N,N) .EQ.O. )A(N,N)=TINY 
RETURN 
END 

SUBROUTINE LUBKSB(A,N,NP, INDX,B) 
DIMENSION A(NP,NP), INDX(N),B(N) 
I I = O  
DO 12 I = l , N  

L L= I N DX ( I ) 
S UM=B ( L L ) 
B( LL)=B( I ) 
I F  (1 I .NE.O)THEN 

DO 11 J=II,I-1 



11 

12 

13 

14  

C 
C 

11 

12 

13 

14 

SUM=SUM-A(I,J)*B(J) 
CONTINUE 

ELSE I F  (SUM.NE.0.)  THEN 
II=I 

ENDI F 
B( I)=SUM 

CONTINUE 
DO 14  I = N , l , - 1  

SUM=B( I) 
I F (  I. LT.N)THEN 

DO 1 3  J = I + l , N  

CONTINUE 
SUM=SUM-A( I, J ) * B (  J) 

ENDI  F 
B( I)=SUM/A( I, I) 

CONTINUE 
RETURN 
END 

SUBROUTINE RK4(Y,DYDX,N,X,H,YOUT) 
PARAMETER (NMAX=10) 
DIMENSION Y(N),DYDX(N),YOUT(N),YT(NMAX),DYT(NMAX), 

*DYM( NMAX) 
HH=H*O. 5 
H6=H/6. 
XH=X+HH 
DO 11 I = l , N  

CONTINUE 
CALL DERIVS(XH,YT,DYT) 
DO 12 I = l , N  

YT( I ) = Y (  I)+HH*DYT( I) 
CONTINUE 
CALL DERIVS(XH,YT,DYM) 
DO 13 I = l , N  

YT( I )=Y( I )+H*DYM(I )  
DYM(I)=DYT(I)+DYM(I)  

CONTINUE 
CALL DERIVS(X+H,YT,DYT) 
DO 14 I = l , N  

CONTINUE 
RETURN 
END 

YT( I ) = Y (  I)+HH*DYDX( I) 

YOUT( I )=Y( I )+H6*(DYDX( I )+DYT( I )+2 . ”DYM(I ) )  

C 
C 

SUBROUTINE DERIVS(T,Y ,DY) 
COMMON/INPUT/THE 
DIMENSION Y(15) ,DY(15)  
DY( l )=Y(2 )  
DY [ 2 )=Y [ 3 )  
DY(3)=( :Y( l )+THE)/7.25E-3 
TD=T 
RETURN 
END 
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APPENDIX C - G E M I N I  STATIC POWER CONVERTER MODEL 

C . l  D e s c r i p t i o n  o f  t h e  Model 

The Gemin i  l ine-commuta ted  s t a t i c  

240-Vac, 6000-wat t  r e s i d e n t i a l  un 

power c o n v e r t e r  (SPC) i s  

t. The SPC u t i l i z e s  s i 1  

a s i n g l e - p h a s e ,  

c o n - c o n t r o l  1 e d  

r e c t i f i e r s  (SCRs) as t h e  p o w e r - s w i t c h i n g  d e v i c e s ,  w h i c h  a r e  c o n n e c t e d  i n  

s i n g l e - p h a s e  b r i d g e  c o n f i g u r a t i o n .  The g e n e r a l  c i r c u i t  d i a g r a m  o f  t h e  SPC 

and i n t e r c o n n e c t i o n s  t o  t h e  u t i l i t y  and t h e  p h o t o v o l t a i c  ( P V )  a r r a y  a r e  shown 

i n  F i g u r e  C . l - 1  [14]. The model and t h e  p a r a m e t e r s  f o r  t h e  model were 

s u p p l i e d  by Pau l  Krause and A s s o c i a t e s .  

on d a t a  o b t a i n e d  f r o m  t h e  m a n u f a c t u r e r .  

The p a r a m e t e r s  were based p r i m a r i l y  

The u t i l i t y  i n t e r c o n n e c t i o n  i s  a c c o m p l i s h e d  t h r o u g h  an i s o l a t i o n  t r a n s f o r m e r ,  

w h i c h  i s  a step-down t r a n s f o r m e r  w i t h  a v o l t a g e  r a t i o  o f  350/240 V o l t s .  I n  

t h e  c i r c u i t  d iagram,  t h e  i s o l a t i o n  t r a n s f o r m e r  i s  modeled by a r e s i s t o r ,  

RT, i n  s e r i e s  w i t h  an i n d u c t o r ,  LT. The component v a l u e s  a r e  shown b e l o w .  

RT = 0 .04  ohms. 

LT = 1.06 mH. 

The f i l t e r  a t  t h e  dc s i d e  i s  composed o f  an i n d u c t o r  and a c a p a c i t o r  (LL 

and CF),  and t h e  s e r i e s  r e s i s t o r  (RL)  r e p r e s e n t s  t h e  i n t e r n a l  r e s i s t a n c e  

o f  t h e  f i l t e r  i n d u c t o r .  
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R L  = 0.9 ohms, 

LL = 48 mH, and CF = 4 . 8  mF. 

The o p e r a t i n g  p r i n c i p l e s  o f  t h e  s i n g l e - p h a s e  l i n e - c o m m u t a t e d  SPCs a r e  

d i s c u s s e d  i n  d e t a i l  i n  t h e  l i t e r a t u r e  and w i l l  n o t  be r e p e a t e d  h e r e .  O n l y  a 

b r i e f  d e s c r i p t i o n  h e l p f u l  i n  u n d e r s t a n d i n g  t h e  r e s u l t s  o f  t h i s  r e p o r t  i s  

p r o v i d e d .  

A c c o r d i n g  t o  t h e  o p e r a t i o n  p r i n c i p l e  o f  t h e  SPC, d u r i n g  t h e  p o s i t i v e  

h a l f - c y c l e  o f  t h e  ac v o l t a g e  waveform, SCRs 1 and 1' must  b e  t u r n e d  on, and 

180° l a t e r ,  d u r i n g  t h e  n e g a t i v e  h a l f - c y c l e ,  2 and 2 '  must  be t u r n e d  on. 

g a t i n g  s i g n a l  s y n c h r o n i z e d  t o  t h e  ac v o l t a g e  i s  s u p p l i e d  t o  t h e  g a t e s  o f  t h e  

SCRs t o  t u r n  them on. F i g u r e s  C.1-2 and C.1-3 show t h e  c i r c u i t  d i a g r a m  when 

SCRs 1- l ' ,  and 2-2' a r e  i n  c o n d u c t i o n ,  r e s p e c t i v e l y  [14,16-181. 

A 

The i n s t a n t  t h e  g a t i n g  s i g n a l  i s  a p p l i e d  t o  t h e  g a t e  o f  t h e  SCR, w i t h  r e s p e c t  

t o  t h e  t h e  z e r o  c r o s s i n g  o f  t h e  ac v o l t a g e  waveform, i s  d e f i n e d  a s  t h e  f i r i n g  

angle(o<). 

f i r i n g  a n g l e  o f  t h e  SCRs must  be between 90' and 180'. 

F o r  i n v e r t e r  o p e r a t i o n  o f  t h e  SPC, t h a t  i s ,  dc-ac c o n v e r s i o n ,  t h e  

The l i n e - c o m m u t a t e d  i n v e r t e r ,  a s  v iewed f r o m  dc t e r m i n a l s ,  can  be c o n s i d e r e d  

as a v a r i a b l e  dc v o l t a g e  source ,  where t h e  l e v e l  o f  t h e  dc v o l t a g e  source  

depends on t h e  f i r i n g  a n g l e s  o f  t h e  SCRs. 

c o n d i t i o n s ,  t h e  P V  a r r a y  o u t p u t  c u r r e n t  depends on t h e  i n v e r t e r  v o l t a g e  

a c r o s s  t h e  a r r a y .  By v a r y i n g  t h i s  v o l t a g e ,  t h e  a r r a y  c u r r e n t  v a r i e s  

A t  c o n s t a n t  a t m o s p h e r i c  
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c o r r e s p o n d i n g l y ;  t h a t  i s ,  t h e  magn i tude o f  t h e  power f l o w  f r o m  t h e  dc s i d e  t o  

t h e  ac s i d e  can be a d j u s t e d  by chang ing  t h e  f i r i n g  a n g l e  o f  t h e  SCRs. 

I n  normal o p e r a t i o n  o f  t h e  SPC, t h e  f i r i n g  a n g l e s  a r e  c o n t r o l l e d  so t h a t  t h e  

a r r a y  o p e r a t i n g  v o l t a g e  i s  f i x e d  under  a l l  a tmospher i c  c o n d i t i o n s .  Depending 

upon t h e  o p e r a t i n g  vo  t a g e  and a v a i l a b l e  a r r a y  power, t h e r e  a r e  two  p o s s i b l e  

modes o f  o p e r a t i o n ;  d s c o n t i n u o u s  dc c u r r e n t  and c o n t i n u o u s  dc c u r r e n t .  The 

d i s c o n t i n u o u s  mode o f  t h e  dc c u r r e n t  o c c u r s  when t h e  c o n d u c t i o n  p e r i o d  o f  t h e  

SCR's  p a i r  i s  l e s s  t h a n  180O. F i g u r e  C .1 -4  i l l u s t r a t e s  t h e  a t  v o l t a g e ,  

f i r i n g  p u l s e s ,  dc and ac c u r r e n t  waveforms f o r  t h e  SPC d u r i n g  t h e  

d i s c o n t i n u o u s  mode o f  o p e r a t i o n .  

I f  t h e  SCR p a i r s  conduc t  more t h a n  180' t h e  SPC i s  i n  c o n t i n u o u s  c u r r e n t  mode 

o f  o p e r a t i o n ,  and t h e  c o r r e s p o n d i n g  waveforms a r e  d e p i c t e d  i n  F i g u r e  C.1-5. 

N o t e  t h a t ,  due t o  t h e  f i n i t e  amount o f  t h e  t r a n s f o r m e r  i n d u c t a n c e  t h e  SCR 

c u r r e n t  c a n n o t  commutate f r o m  one p a i r  t o  t h e  o t h e r  i n s t a n t e n o u s l y ,  and a 

s h o r t - c i r c u i t  o c c u r s  a t  t h e  c o n v e r t e r  t e r m i n a l s  d u r i n g  commuta t ion  

i n t e r v a l  s .  

The SCR model i n  t h e  E l e c t r o m a g n e t i c  T r a n s i e n t s  Program (EMTP) i s  used i n  

mode l i ng  t h e  power c i r c u i t  o f  t h e  l i ne -commuta ted  SPC. The power c i r c u i t  i s  

r e p r e s e n t e d  Component by component and d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  C.2.  

The p h o t o v o l t a i c  a r r a y  i s  s e l e c t e d  so t h a t  i t s  r a t i n g  a t  t h e  chosen r e f e r e n c e  

v o l t a g e  o f  248V i s  4.33 kW. The a n a l y t i c a l  e q u a t i o n  showing t h e  

c o r r e s p o n d i n g  PV a r r a y  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  was o b t a i n e d  by t h e  

p rocedure  d e s c r i b e d  i n  Appendix  A [ E q u a t i o n  (C .1 - l ) ] .  

C-6 
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( C . 1 - 1 )  

The e q u i v a l e n t  models f o r  t h e  c o n t r o l  c i r c u i t  and f i r i n g  l o g i c  a r e  deve loped 

and p u t  i n t o  a f o r m  t h a t  can be imp lemented on EMTP. A d e t a i l e d  d e s c r i p t i o n  

o f  t h e s e  s e c t i o n s  i s  p r o v i d e d  b e l o w .  

C o n t r o l  System and F i r i n g  L o g i c  

The o b j e c t i v e  o f  t h e  SPC c o n t r o l  system i s  t o  r e g u l a t e  t h e  a r r a y  o p e r a t i n g  

v o l t a g e  a t  t h e  r e f e r e n c e  v o l t a g e  l e v e l .  

The b l o c k  d iagram o f  t h e  c o n t r o l  system i s  shown i n  F i g u r e  C.1-6. Note t h a t  

t h e  v o l t a g e ,  VpVA, i s  r e g u l a t e d  a t  Vre f ;  however c u r r e n t  i s  n o t  r e g u l a t e d  

at ' r e f .  ' r e f  i s  a s i g n a l  w i t h i n  t h e  c o n t r o l  l o o p  t h a t  i s  compared t o  

PVA' 

The l i m i t s  on Iref and ec ( c o n t r o l  s i g n a l )  a r e  non-windup l i m i t s .  

Whenever Iref (e,) i s  a t  a l i m i t ,  t h e  s t e a d y - s t a t e  v a l u e  o f  Ve (I,) 

i n  F i g u r e  C.1-6 i s  z e r o  and t h e  l i m i t  v a l u e  w i l l  appear  a t  t h e  o u t p u t  o f  t h e  

i n t e g r a t o r .  

s e l e c t e d  so t h a t  t h e  g a t i n g  o f  t h e  SCRs o c c u r  a t  90° when ec=-4V, and a t  

165O when ec=+0.5V. 

The l i m i t  v a l u e s  on t h e  o u t p u t  o f  t h e  c o n t r o l  system, ec, were 

The b l o c k  d i a g r a m  o f  t h e  f i r i n g  c i r c u i t  i s  shown i n  F i g u r e  C.1-7 where t h e  

g a i n s  (264 and 384) were d e t e r m i n e d  by c o n s i d e r i n g  t h e  l i m i t  v a l u e s  on t h e  

f i r i n g  a n g l e .  The l i n e  f i l t e r  and z e r o  c r o s s i n g  d e t e c t o r  (ZCD) shown i n  

F i g u r e  C.1-8 a r e  used t o  o b t a i n  a r e f e r e n c e  s i g n a l  f o r  t h e  f i r i n g  a n g l e  

c-9 
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c o n t r o l .  A c t u a l l y ,  ZCD i s  d e v e l o p e d  but  n o t  used d i r e c t l y  i n  t h e  s i m u l a t i o n ;  

i n s t e a d ,  t h e  o u t p u t s  o f  c o m p a r a t o r s  C1 and C2 a r e  used i n  s y n c h r o n i z i n g  

t h e  f i r i n g  a n g l e s  t o  t h e  u t i l i t y  g r i d .  Note t h a t  i n  F i g u r e  C. l -7  t h e  

i n t e g r a t o r s  a r e  r e s e t  t o  z e r o  depend ing  on t h e  s t a t e  o f  C 1  and C2 i n  F i g u r e  

C.l-8. The o u t p u t s  o f  t h e  AND g a t e s ,  FF1 and FF2, a r e  d i r e c t l y  used t o  

t r i g g e r  t h e  SCRs o f  t h e  power c i r c u i t .  

U s i n g  t h e  b l o c k  d iagrams o f  t h e  c o n t r o l  system and f i r i n g  c i r c u i t ,  a c o m p l e t e  

model f o r  t h e  s i n g l e - p h a s e ,  l ine-commuta ted  SPC was implemented on EMTP and 

i t s  i s l a n d i n g  per fo rmance was s i m u l a t e d  as  d i s c u s s e d  i n  S e c t i o n  2.3. 
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C.2 EMTP I m p l e m e n t a t i o n  

A d i a g r a m  o f  t h e  Gemini  model as  imp lemen ted  i s  shown i n  F i g u r e  C.2-1. 

model i s  d i v i d e d  i n t o  two p o r t i o n s .  

Gemini  SPC components t h a t  a r e  i n v o l v e d  i n  t h e  c o n v e r s i o n  o f  P V  a r r a y  d c  

power t o  o u t p u t  a c  power.  

c i r c u i t r y .  

The 

The EMTP n e t w o r k  models  t h e  a c t u a l  

The TACS p o r t i o n  models  t h e  G e m i n i ' s  c o n t r o l  

The EMTP p o r t i o n  ( F i g u r e  C.2-3) and t h e  TACS PV a r r a y  model ( F i g u r e  C.2-4), 

v o l t a g e  and c u r r e n t  r e g u l a t o r  ( F i g u r e  C.2-7), z e r o  c r o s s i n g  d e t e c t o r  ( F i g u r e  

C.2-8) and f i r i n g  c o n t r o l  ( F i g u r e  C.2-11) v e r y  c l o s e l y  f o l l o w  t h e  b l o c k  

d iagrams d e s c r i b e d  i n  t h e  l a s t  s e c t i o n .  

d e s c r i b e d  f o l l o w i n g  t h i s  i n t r o d u c t i o n .  

p r e d e f i n e d  "DEVICES" w i t h  w h i c h  t h e  u s e r  can model t y p i c a l  c o n t r o l  system 

f u n c t i o n s .  Most  o f  t h e  b l o c k s  i n  t h e  c o n t r o l  b l o c k  d iagrams c o n t a i n  a 

number, an "S"  , o r  an 'IF" i n  t h e  u p p e r  r i g h t - h a n d  c o r n e r .  T h i s  number 

r e f e r e n c e s  t h e  TACS d e v i c e  t h a t  was used i n  t h e  model .  A l i s t i n g  o f  t h e  

d e v i c e s  used i n  t h e  Gemini  model a r e  g i v e n  be low;  f o r  more d e t a i l s  see t h e  

EMTP R u l e  Book[22]. 

The r e m a i n i n g  TACS s e c t i o n s  a r e  

The TACS p o r t i o n  o f  EMTP has 

D e v i c e  

50 
53 
58 
59 
62 
64 
65 
66 

F u n c t i o n  

f r e q u e n c y  m e t e r  
t r a n s p o r t  d e l a y  
c o n t r o l l e d  i n t e g r a t o r  
s i m p l e  d e r i v a t i v e  
sample and t r a c k  
minimum/maximum t r a c k i n g  
a c c u m u l a t o r  and c o n v e r t e r  
rms m e t e r  
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The 'IF" i n d i c a t e s  t h a t  a F o r t r a n  e x p r e s s i o n  was used t o  a c c o m p l i s h  t h e  

f u n c t i o n  d e s c r i b e d  i n  t h e  b l o c k .  

a t r a n s f e r  f u n c t i o n .  

t r i a n g l e  c o n t a i n i n g  l e t t e r s .  These t r i a n g l e s  i n d i c a t e  c o n t r o l  o f  t h e  b l o c k  

as f o l l o w s :  R - r e s e t ,  RV-reset  v a l v e ,  and S-sample. 

The "S" i n d i c a t e s  t h a t  t h e  b l o c k  r e p r e s e n t s  

Some o f  t h e  d e v i c e  b l o c k s  c o n t a i n  s i g n a l s  p o i n t i n g  t o  a 

A t r i a n g u l a r  box c o n t a i n i n g  a node name w i t h  a shaded a r r o w  i n d i c a t e s  t h a t  

t h i s  s i g n a l  i s  e i t h e r  i n p u t  f r o m  TACS t o  EMTP o r  v i c e  v e r s a .  T i m i n g  graphs 

t a k e n  d u r i n g  s t e a d y - s t a t e  o p e r a t i o n  a r e  a l s o  i n c l u d e d  f o r  some o f  t h e  c o n t r o l  

s i g n a l s  t o  a i d  i n  u n d e r s t a n d i n g  t h e  c o n t r o l  system model .  

The TACS undervo  t a g e  shut-down l o g i c  ( F i g u r e  C.2-13) i s  r e p r e s e n t a t i v e  o f  

a c t u a l  c o n t r o l  c r c u i t r y  i n  t h e  Gemin i .  The ac t e r m i n a l  v o l t a g e  (G#VAC) i s  

m o n i t o r e d  d u r i n g  each c y c l e .  The peak v a l u e  (G#PEKP) i s  s t o r e d  and compared 

t o  271.5 (80% o f  240 x E) t o  d e t e r m i n e  i f  a shut-down s i g n a l  (G#BRKR) s h o u l d  

be s e n t  t o  an EMTP s w i t c h ,  w h i c h  w o u l d  d i s c o n n e c t  t h e  Gemin i .  

The r e m a i n i n g  b l o c k s  do n o t  r e p r e s e n t  a c t u a l  c o n t r o l  c i r c u i t r y  b u t  a r e  

i n c l u d e d  t o  m o n i t o r  t h e  o p e r a t i o n  o f  t h e  model .  The A l p h a  c a l c u l a t i o n  

p r o v i d e s  t h e  

46.29 x 

d i s c u s s e d  i n  S e c t i o n  3 . 3  i n  o r d e r  t o  r u n  s i m u l a t i o n s  t o  compare w i t h  l a b  

t e s t s .  The TACS s t a r t i n g  s i g n a l s  a r e  used t o  e n a b l e  s e c t i o n s  o f  t h e  model i n  

a f a s h i o n  t h a t  a l l o w s  f o r  f a i r l y  r a p i d  s t a r t i n g  (400 ms) t o  a s t e a d y - s t a t e  

c o n d i t i o n  i n  p r e p a r a t i o n  f o r  an i s l a n d i n g  c o n d i t i o n  t o  o c c u r .  

d e l a y  a n g l e  i n  degrees  based on a 6 0 - c y c l e  degree (1 degree = 

sec) as G#ALPH. The w a t t  and v a r  m e t e r s  were i n c l u d e d  as  
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The Gemini  model does r e q u i r e  some s p e c i a l  a t t e n t i o n  i f  a smooth s t a r t  i s  t o  

be a c h i e v e d .  Some p o i n t s  t o  keep i n  m i n d  a r e :  

1. The v a l u e s  o f  G#VPVA and G#IPVA s h o u l d  be  c a l c u l a t e d  f o r  t h e  d e s i r e d  

G#VPVA c o n d i t i o n  ( E q u a t i o n  C.1-1). The G#VPVA c o n d i t i o n  must  be p l a c e d  

on a l l  o f  t h e  c i r c u i t  e l e m e n t s  i n  t h e  EMTP c i r c u i t  i n  t h e  p r o p e r  EMTP 

i n i t i a l  c o n d i t i o n s  s e c t i o n .  The G#VPVA f 60 o p e r a t i n g  p o i n t  must  a l s o  

a g r e e  w i t h  t h e  v a l u e  o f  G#VREF. 

2 .  The i n i t i a l  v a l u e  o f  G#IREF must  be G#IPVA ( c a l c u l a t e d  i n  1) + 5 

3.  The c h o i c e  o f  an i n i t i a l  c o n d i t i o n  f o r  G#EC i s  f a i r l y  c r i t i c a l .  G#EC 

s e t s  t h e  f i r i n g  a n g l e  f o r  t h e  SCRs. T h i s  v a l u e  i s  s e t  and n o t  a l l o w e d  t o  

change d u r i n g  t h e  f i r s t  80 ms o f  a s i m u l a t i o n  t o  g i v e  t h e  r e s t  o f  t h e  

system a chance t o  s t a b i l i z e .  I f  G#EC i s  chosen t o  be s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  i t s  f i n a l  v a l u e ,  t o o  much o r  t o o  l i t t l e  power may be 

removed f r o m  t h e  a r r a y  c a u s i n g  t h e  a r r a y  v o l t a g e  t o  be i n  e r r o r  and 

t a k i n g  some t i m e  t o  r e c o v e r .  F i n d i n g  t h e  p r o p e r  v a l v e  o f  G#EC may t a k e  

some t r i a l  and e r r o r .  A se t -up  case can be r u n  f o r  s e v e r a l  hundred 

m i l l i s e c o n d s ,  s topped,  and r e s t a r t e d  w i t h  t h e  new v a l u e  o f  G#EC equa l  t o  

t h e  p r e v i o u s  s i m u l a t i o n ' s  f i n a l  v a l u e  u n t i l  t h e  r i g h t  c o m b i n a t i o n  i s  

f o u n d .  

4 .  The f i n a l  s t a r t - u p  f e a t u r e ,  w h i c h  o n l y  a p p l i e s  t o  t h e  c o n t i n u o u s  mode 

cases ,  i s  g e t t i n g  t h e  p r o p e r  i n i t i a l  c u r r e n t  i n  t h e  dc f i l t e r  i n d u c t o r .  

T h i s  i s  a c h i e v e d  by l o c a t i n g  a dc c u r r e n t  s o u r c e  w i t h  t h e  p r o p e r  c u r r e n t  

t o  d r i v e  c u r r e n t  t h r o u g h  t h e  i n d u c t o r  ( s e e  F i g u r e  C.2-3). The dc c u r r e n t  
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source  i s  s w i t c h e d  o v t  by TACS s i g n a l  G#GON a t  t h e  same t i m e  t h e  f i r s t  

p a i r  o f  SCRs i s  f i r e d .  

a d j u s t m e n t  o f  t h e  c o n s t a n t  added t o  G#TPLZ t o  o b t a i n  t h e  G#GO s i g n a l .  

G#TPL2 i s  t h e  t i m e  o f  t h e  f i r s t  p o s i t i v e  g o i n g  z e r o  c r o s s i n g  o f  t h e  ac 

t e r m i n a l  v o l t a g e .  

T h i s  can be  a b i t  t r i c k y  and may r e q u i r e  
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FIGURE C.2-2 NETWORK SIGNALS 
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FIGURE C.2-6 REGULATOR SIGNALS 
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FIGURE C.2-10 FIRING SIGNALS 
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S i m u l a t i o n  Model Data  F i l e  L i s t i n g  

A l i s t i n g  o f  t h e  EMTP/TACS d a t a  f i l e  f o l l o w s .  The f i l e  i s  d i v i d e d  i n t o  two 

s e c t i o n s ,  and t h e  TACS s e c t i o n  i s  t r e a t e d  a s  an INSERT f i l e  t o  t h e  EMTP d a t a  

f i l e .  T h i s  f i l e  i s  t h e  base f i l e  used f o r  t h e  i s l a n d i n g  s t u d y .  

f i l e  was used on t h e  M39 v e r s i o n  o f  EMTP on an A p o l l o  computer  system. 

The d a t a  
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BEGIN NEW DATA CASE 
C 
C DATA FILE NAME = G-I 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

_- 

A.l.B 

CASE NO 

TITLE : 

C ORIGINATING 
C 
C REVIEWING 
C 
C 
C 
C RESISTIVE LOAD 

ENG.: TRS 

ENG. : 

CAPACITIVE LOAD 

CALCULATION NO. 

DATE : 

DATE : 

C 
ABSOLUTE TACS DIMENSIONS 

120 720 600 240 1600 24240 7 6 0 0  1600 
46.296-6 400.E-3 0. 0. 1.OE-8 

1 1 1 3 1 -1 
25 1000 

TACS HYBRID 
$INCLUDE,gernini-unit-cont 
C 
990PEN =(TIMEX.LT..40466)-.5 
C 
C 
33G#FREQG#VAC G#ECF G#F1 G#DC4 G#FFl G#FIRlG#FIR2 
33G#VPVLG#VREFG#IREXG#IPVSG#EC G#VPVPG#IPVPG#VAC 
C 

C BRANCH CARDS 
C 
C lOKVA FIELD TEST TRANSFORMERS 
TRANSFORMER 

9999 
lTACSW 
2G#SY2P 
3 G#SY2N 

C 
C 
G#VPVPG#VPVN 
G#VPVPG#VPVR 
G#VPVRG#IDC 
G#VPVRG#IDC 

TRAND2 

.0001 480. 

.0001 120. 

.0001 120. 

4800. 
. g o o  

1037. 
48. 

2 
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C INVERTER CIRCUIT GROUND REFERENCE 
G#IPVP l.OE5 
G# IPVN l.OE5 

G#SYlP l.OE5 
G#SYlN l.OE5 

G#VDCPG#MIDl 68.0 
G#MIDlG#VACP .22 
G#VDCPG#MID2 68.0 
G#MIDZG#VACN .22 
G#VACPG#MID3 68.0 
G#MID3G#VPVN .22 
G#VACNG#MID4 68.0 
G#MID4G#VPVN . 2 2  

G#VDCPG#Dl .OOl 
G#VDCPG#DOP .OOl 
G#VACPG#D2 .001 
G#VACNG#DlP .OOl 

TRANSFORMER G # TRNS 

lG#SYSPG#SYSN .0094 .249 240 
2G #VACP -01 .265 175 
3 G#VACN .01 .265 175 

C LOAD REFERENCE TO GROUND 

C SCR SNUBBER CIRCUIT 

C SCR RESISTORS TO SEPARATE SWITCHES 

C ISOLATION TRANSFORMER 

9999 

C LINE FILTER 
G#SYSPG#VACF 339. E6 
G#VACFG#SYSN 195. -6 

G#VPVPG#VPVF 200. E6 
G#VPVFG#VPVN 156. -6 

C FILTER TO REMOVE RIPPLE BEFORE SENDING TO TACS VOLTAGE AND CURRENT REGULATOR 

c ---------------------------------------T--------------- 

C OUTPUT LOAD 
G#SYlPG#SYlN 
G#SYlPG#SYlN 

C 

14.78 
229.0 

C SWITCH CARDS 
C SWITCH TO MONITOR THE LOAD CURRENT FROM THE SYSTEM 

C SWITCH TO OPEN AND FORM ISLAND 
13SYSSW TACSW 
C SWITCH TO SEND DC OUTPUT CURRENT TO TACS WATT AND VAR METERS 

C SWITCHES TO MONITOR DC CURRENT FROM ARRAY 

VSYS SYSSW -1. 1E4 

CLOSED 

G#IDC G#VDCP -1. 1E4 

G#IPVPG#VPVP -1. 1E4 

OPEN 11 
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G#IPVNG#VPVN -1. 1E4 

G#SYSPG#SYlP -1. 1E4 1 
G#SYSNG#SYlN -1. 1E4 

G#SYlPG#SYZP -1. 1E4 1 
G#SYlNG#SYZN -1. 1E4 

-- C SWITCHES TO MONITOR OUTPUT CURRENT OF GEMINI UNIT 

C SWITCHES TO MONITOR OUTPUT CURRENT OF GEMINI LOCAL ISLAND 

C TACS CONTROLLED SWITCHES FOR STARTUP - NEEDED FOR PROPER INITIAL INDUCTOR 
C CURRENT CONTROL FROM TACS STATRUP SIGNALS 

G#GON 13G#VPVRG#INLP CLOSED 
13G#IDC G#INLN CLOSED G # GON 
C UNFOLDER SCRS - FIRING SIGNALS FROM TACS FIRING CONTROL 
11G#D1 G#VACP G#FIRl 
llG#D2 G#VPVN G#FIR2 
11G#D2P G#VACN G#FIR2 
11G#DlP G#VPVN G#FIR1 

C SOURCE CARDS 
C 
C OUTPUT CURRENT OF PV ARRAY FROM TACS PV ARRAY MODEL 
GOG#IPVP-1 
GOG#IPVN-1 
C INDUCTOR INITIAL CONDITION SOURCE 
llG#INLP-l 6.2 
llG#INLN-l -6.2 
C SYSTEM SOURCE 
14VSYS 678.82 60. -91.00 

C EMTP CIRCUIT INITIAL CONDITIONS 
2G#VPVP 125. 
2G#VPVN -125. 
2G# IDC 125. 
2G # VPVR 125. 
2G#VDCP 125. 
2G#D1 125. 
2G#D2P 125. 
2G #VPVF 125, 
3G#VPVPG#VPVN 0. 
3G#VPVFG#VPVN 0. 
3G#VPVRG#IDC 0. 

C EMTP NODE VOLTAGE OUTPUT REQUESTS 
VSYS 

250. 
250. 

C PLOT CARDS - FOURIER ANALYSIS OF SIGNALS 
FOURIER ON 7 
192100 23. 24. G#SYSPG#SYlP 
192100 23. 24. G#SYlPG#SYZP 
192100 23. 24. TACS G#VAC 
192100 23. 24. TACSW SYSSW 
192100 52. 53. G#SYSPG#SYlP 
192100 52. 53. TACS G#VAC 
142100 23. 24. VSYS 
FOURIER OFF 

-1. 
-1. 

-1. 
-1. 
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C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
C TACS PORTION OF OMNION 6.OKW INVERTER MODEL 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
$LISTOFF 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS PV ARRAY MODEL 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
90G#VPVP 
99G#VPVA =(G#VPVP-G#VPVN) 
11G#NSOL 100.00 
11G#CLTC 28.00 
11G# I SRT 2.52 
11G#AIDL 1.92 
11G#B IDL 1.92 
11G#NP 7. 
11G#NS 680, 
99G#CLTK =G#CLTC+273.18 
99G#ILG =G#NSOL/lOO.*(G#ISRT+.O017*(G#CLTC-28.)) 
99G#IOS =7.31E-13*G#CLTK**3*EXP(l2886./G#BIDL*(.OO332-l./G#CLTK)) 
88G#IPVA =G#NP*G#ILG-G#NP*G#Io~*(EXP(11601.*G#VPVA/G#NS/G#AIDL/G#CLTK)-l.O) 
88G#IPVP =G#IPVA*G#GO 
88G#IPVN =(G#IPVA)*(-l.O)*G#GO 
C 
7 7G#NSOL 100.00 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS STARTING SIGNALS 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9 OG# SYSP 
99G#VAC =G#SYSP-G#SYSN 
99G#VAW =G#VAC.LE.O. 
99G#DVW159+G#VAW 
99G#TPLQ =(G#DVW1.GT.O.).AND.(TIMEX.LT..0167).AND.(TIMEX.GT..0001) 
77G#TPL2 100. 
99G#TPL262+TIMEX G#TPLQ 
C START UP TIME 
99G#GO =(TIMEX.GT.(.OO25+G#TPL2)) 
99G#G01 =(TIMEX.GT.(.O5546+G#TPL2)) 
99G#G02 =(TIMEX,GT.(.00634+G#TPL2)) 
99G#GONA =.NOT.G#GOZ 
99G#GON 53+G#GONA .00050DELTAT 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS VOLTAGE AND CURRENT REGULATOR 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
9OG#VPVF 
9 OG # VPVN 
99G#VPVL =(G#VPVF-G#VPVN)/60. 
11G #VREF 4.167 
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.- 

lG#IREF +G#VPVL -G#VREF 
1.0 .47 

.5 
99G#IPVS =G#IPVA*.2*G#GOl 
88G#IREX =G#IREF*G#GOl 
lG#EC +G#IPVS -G#IREX 

1.0 .022 
.5 

C SET TO G#VPVA/60.0 
7 7 G #VREF 4.167 
7 7 G#VPVL 4.167 
C 
C SET TO G#IPVA/5.0 
7 7 G# IREF 3.484 
77G#EC .39 
C 
C 

1.0 - . 5  8.0 

1.0 -4.0 . 5  

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS ZERO CROSSING DETECTOR 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
90G#VACF 
90G# SYSN 
99G#VAFL =G#VACF-G#SYSN 
11G#EPS .1189 
99G#C1 =(G#VAFL.GT.G#EPS) 
99G#C2 =(G#VAFL.LT.(G#EPS*(-1)))) 
99G#ClN =.NOT.G#Cl 
99G#C2N =.NOT.G#CZ 
99G#ZCD =(G#ClN.AND.G#CZN) 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS FIRING CONTROL 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
11G#ECRF 264. 
99G#ECF =G#EC*384 
99G#F1 58+G#ECRF -G#ECF 
99G#F2 58+G#ECRF -G#ECF 
99G#C4 =(G#Fl.GT.5.0) 
99G#C3 =(G#F2.GT.5.0) 
99G#DC1 59+G#ClN 
99G#DC2 59+G#C2N 
99G#DC3 59+G#C3 
99G#DC4 59+G#C4 

20.0 0.0 1.OG#C2 
20.0 0.0 l.OG#Cl 

99G#FlOL53+G#FFl .00050DELTAT 
.00050DELTAT 99G#F20L53+G#FF2 

99G#FF1 =((G#FlOL.EQ.l).AND.(G#DC2.LE.O)).OR.(G#DC4.GT.l) 
99G#FF2 =((G#F2OL.EQ.l).AND.(G#DCl.LE.O)).OR.(G#DC3.GT.l) 
99G#FIR1 =(G#FFl.AND. (G#ClN))*G#GO 
99G#FIR2 =(G#FFz.AND.(G#CzN))*G#GO 
C 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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C TACS ALPHA CLACULATION 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
99G#VACD53+G#VAC .00050DELTAT 
99G#VACZ =((G#VAC.GT.O).AND.(G#VACD.LT.O)).OR.((G#VAC.LT.~).AND.(G#VACD,GT.O)) 
99G#ST =G#FIRl.OR.G#FIRZ 
99G#CT1 65+PLUS1 
99G#AL 62+G#CT1 
99G#ALPH =G#AL*DELTAT/46.296E-6 
C 
C 

G#VACZ 
G#ST 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS WATT AND VAR METERS 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
91G# SY 1P 
99G#VAC1 =G#SYlP 
99G#VRMS66fG#VAC 60. 
99G#IRMS66+G#VACl 
99G#POWR =G#VRMS*G#IRMS 
99G#VDCR66+G#VPVA 
91G#IDC 
99G#IDCR66+G#IPVA 
99G#IDXR66+G#IDC 

60. 

60. 

60. 
60. 

99G#WATT =G#VDCR*G#IDCR-G#IDXR*G#IDXR*.94 
99G#XXXX =(G#POWR*G#POWR-G#WATT*G#WATT*G#GOl) 
99G#YYYY =G#XXXX.GT.O. 
99G#VAR =SQRT(G#XXXX*G#YYYY) 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS FREQUENCY METER 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
C 99G#FREQSO+G#VAC 60 
99G#FREQ50+G#VACF 60. 
3 3 G # VACF 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C TACS UNDERVOLTGE SHUT DOWN LOGIC 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
99G#BEGA =TIMEX.GT.(G#TPLQ+.O35) 
99G#ZEP =G#VAC.GT.O 
99G#ZEPD59+G#ZEP 
99G#ZERO =ABS(G#ZEPD)*G#BRKD 
99G#VACA =ABS(G#VAC) 
99G#PEK 64+G#VACA 
99DELTA3 =3.0*DELTAT 
99G#PEKD53+G#PEK 
99G#PEKP62+G#PEKD 
99G#BRKD53+G#BRKR 
99G#BRKR =.NOT.((G#PEKP.LT.271.5)*(TIMEX.GT..050)) 
SLISTON 

1. 0. G#ZERO 

00150DELTA3 

00050DELTAT 
G#ZERO 
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C.3 Model V a l i d a t i o n  

The EMTP d i g  t a l  computer  program r e s u l t s  were compared w i t h  a n a l o g  computer  

r e s u l t s  p r o v  ded b y  Paul  Krause and A s s o c i a t e s .  The a n a l o g  computer  r e s u l t s  

modeled f o u r  e v e n t s  t h a t  caused t h e  Gemini  c o n t r o l s  t o  o p e r a t e  and a d j u s t  t o  

a new s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n .  These e v e n t s  i n c l u d e d  d e c r e a s i n g  and 

i n c r e a s i n g  t h e  s o l a r  i n s o l a t i o n ,  and i n c r e a s i n g  and d e c r e a s i n g  t h e  r e f e r e n c e  

v o l t a g e .  

a n a l o g  computer  r e s u l t s .  

P l o t s  o f  t h e  EMTP r e s u l t s  a r e  g i v e n  and t h e n  t h e  c o r r e s p o n d i n g  

The EMTP model behaved a s  expec ted .  

d i f f e r e n c e  o c c u r r e d  was t h e  decrease i n  t h e  VREF case.  A l l  f o u r  e v e n t s  were 

r u n  i n  s u c c e s s i o n  i n  t h e  EMTP s i m u l a t i o n  j u s t  as  t h e y  had been on t h e  a n a l o g  

computer .  

c o n d i t i o n  a f t e r  VREF was s tepped f r o m  200 V t o  260 V was s e v e r a l  m i n u t e s ,  

w h i c h  was n o t  p r a c t i c a l  t o  s i m u l a t e .  Our s m u l a t i o n  was a l l o w e d  t o  r u n  l o n g  

enough t o  d e m o n s t r a t e  t h e  f i r s t  1 .5  seconds a f t e r  t h e  i n c r e a s e  o f  VREF. VREF 

d i d  n o t  r e a c h  t h e  f i n a l  v a l u e  o f  260 V,  w h i c h  i t  had i n  t h e  a n a l o g  model .  We 

d e c i d e d  t o  a l l o w  t h e  v a l u e  o f  VREF t o  be  r e d u c e d  t o  200 V when i t  reached 

240 V i n s t e a d  o f  260 V .  With t h i s  t a k e n  i n t o  a c c o u n t ,  t h e  r e s u l t s  matched. 

The o n l y  e v e n t  i n  w h i c h  a s i g n i f i c a n t  

The amount o f  a c t u a l  t i m e  r e q u i r e d  t o  a d j u s t  t o  a new s t e a d y - s t a t e  



FIGURE C3-1 Dm COMPUTER MODEL RESULTS OF GEMINI SPC STEADY STATE 

OPERATION WITH SOLAR INSOLATION = 100 W/C$ 
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I-IGURE (3-2 ANALOG COMPUTER RESULTS OF (jEMINI Src STEADY STATE 
OPERATION WITH SOLAR INSOLATION = 1m W/Ctv’? 
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FIGURE C3-3 DITP COMPUTER MODEL RESULTS OF GEMINI SPC W E N  SOLAR 
INSOLATION I S  REDUCED FROM 100 iW/CP? TO 20 W / W  
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FIGURE C3-4 ANALOG COMPUTER RESULTS OF GEMINI SPC WHEN SOLAR 

INSOLATION IS REDUCED FROM 1m W/C$ TO 20 W/C? 

I WA 

WA 

IDC 

wc 

Ec 

IAC 

VK 

30 

0 

m 

0 

47.2 

23.6 
0 

I , , , , , , , , , *  

0.5 
0 

-0.5 
-LO 

47.2 

23.6 
0 

-23.6 
-w ,2  

240 
0 

240 

I , , , , , , , , , ,  
~~ 

, ~ , I , , , , 

> a 1750 E11 LL I  SECONDS 
c-43 



FIGURE (3-5 Ef'm CWUTES M3DEL RESULTS OF GEMINI SPC TEADY STATE 
OPERATION WITH SOLAR INSOLATION = 20 fW/ d 
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FIGURE C3-6 ANALOG COMPUTER FKIDEL RESULTS OF SEMINI SPC STEADY STATE 

OPERATION WITH SOLAR INSOLATION = 20 lW/Cr$ 
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FIGURE (3-7 al'm COMPUTER MODEL RESULTS OF GEMINI SPC WHEI'4 SOLAR 

INSOIATION IS INCREASED FROM 20 W/C$ TO 100 W/C$ 
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FIGURE C3-8 ANALOG COMPUTER MDDEL RESULTS OF GEMINI SPC WHEN SOLAR 
INSOLATION IS INCREASED FROM 20 W/C$ TO 100 tW/Cl'& 
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FIGURE C3-9 EI,ITP COMPUTER FIODEL RESULTS OF GEMINI SPC WHEN 
REFERENCE VOLTAGE IS INCREASED FROM 2Oov TO 26ov 
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FIGURE C3-19 h4ALOG COMPUTER PODEL RESULT5 3F GEMINI s?c WPEN 
REFERENCE VOLTAGE IS INCREASED FROM 200v TO 26ov 
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FIGURE c3-U D'Tl? COMPUTER FKIDEL RESULTS OF GEF~INI SPC 
WHEM REFERENCE VOLTAGE IS DECREASED 

25.79 

TACS 
GBIPVA 

-25.79 

240.58 

TACS 
G#VPVA 

-240.58 

33.50 

GlYIOC 
WVDCP 

-33.58 

654.29 

TACS 
G W D C  

-654.29 

0 . 4 0  

TACS 
G#EC 

-0.40 

40.97 

GIOVAC 
GUSYS 

-48.97 

2800. b 3160. b 3520. b 3880. b 
MILLISECONDS 

C-50 

4240. b 4600. b 
072586131221 



FIGURE (3-12 ANALOG COMPUTER MODEL RESULTS OF GEMINI SPC 
WHEN REFERENCE VOLTAGE IS DECREASED 
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APPENDIX D - SIMPLIFIED ANALYTICAL MODEL FOR 

THE APCC STATIC POWER CONVERTER 

T h i s  a p p e n d i x  d e t a i l s  t h e  deve lopmen t  o f  s i m p l i f i e d  computer  models f o r  t h e  

Amer ican Power Convers ion  C o r p o r a t i o n ' s  (APCC) Suns ine  2000 p h o t o v o l t a i c  

s t a t i c  power c o n v e r t e r  ( S P C ) .  S i m u l a t i o n  s t u d i e s  a r e  d e s c r i b e d  u s i n g  t h e  

s i m p l i f i e d  models,  and r e s u l t s  a r e  compared t o  e x p e r i m e n t a l  d a t a  as w e l l  as  

t o  i n f o r m a t i o n  a v a i l a b l e  f r o m  d e t a i l e d  compu te r  models .  

The p r i m a r y  o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p roduce s i m p l e  models  t h a t  

r e p r e s e n t  t h e  dynamic b e h a v i o r  o f  t h e  SPC u n d e r  run-on  c o n d i t i o n s .  The f o c a l  

p o i n t  o f  t h i s  endeavor  i s ,  t h e r e f o r e ,  t o  h i g h l i g h t  t h o s e  f e a t u r e s  o f  t h e  

i n v e r t e r  c i r c u i t r y  t h a t  a r e  c r u c i a l  i n  e f f e c t i n g  i n v e r t e r  shut-down whenever 

t h e  u t i l i t y  l i n e  i s  d i s c o n n e c t e d  f r o m  t h e  SPC-load c o m b i n a t i o n .  

T h i s  work  i s  m o t i v a t e d  by  t h e  need t o  p r o v i d e  u t i l i t y  p e r s o n n e l  w i t h  a 

p o r t a b l e  and easy- to-use t o o l  t o  p r e d i c t  any p o s s i b l e  i s l a n d i n g  e v e n t s  and 

e s t i m a t e  t h e i r  a p p r o x i m a t e  d u r a t i o n ,  g i v e n  t h e  t y p i c a l  range o f  l o c a l  l o a d  

and power u t i l i t y  c o n d i t i o n s .  

t o o l  p r o v i d e s  an i n d i c a t i o n  o f  p o s s i b l e  p r o b l e m  s i t u a t i o n s ,  t h e n  a more 

e l a b o r a t e  m o d e l i n g  and a n a l y s i s  e f f o r t  may be  u n d e r t a k e n  t o  r e s o l v e  t h e s e  

i s s u e s  u n q u e s t i o n a b l y .  

I f  such an a p p r o x i m a t e  b u t  r e a d i l y  a v a i l a b l e  

I n  most  s i t u a t i o n s ,  t h e  m o d e l i n g  r e s u l t s  r e p o r t e d  h e r e i n  a r e  c o n s e r v a t i v e ,  

p r o v i d i n g  t h e  u s e r  w i t h  s i g n i f i c a n t  t r e n d s  a s  l o a d  c o n d i t i o n s  v a r y .  

more s o p h i s t i c a t e d  computer  models  must  e x h i b i t  a p r e d i c t i v e  c a p a b i l i t y  

Whereas 



c o m p a t i b l e  w i t h  a c t u a l  l a b o r a t o r y  o r  f i e l d  r e s u l t s  i f  t h e y  a r e  t o  be used a s  

t o o l s  i n  a s s e s s i n g  d e s i g n  and s a f e t y  concerns ,  a s i m p l i f i e d  approach can 

o n l y  c l a i m  r e s u l t s  w i t h  a r e a s o n a b l e  resemblance t o  t h e  a c t u a l  case.  S low 

i n v e r t e r  dynamics o r  n o n e s s e n t i a l  components t o  t h e  run-on c o n d i t i o n  a r e  

n e g l e c t e d .  

down under  emergency c o n d i t i o n s ,  i n v a r i a b l y  i n c o r p o r a t e s  e l e c t r o n i c  c i r c u i t s  

t h a t  sense t h e  r e s u l t i n g  o p e r a t i n g  d i s c r e p a n c y  and a c t i  a t e  a p p r o p r i a t e  

s h u t - o f f  sequences. A s i m p l i f i e d  a n a l y t i c a l  model must t h e r e f o r e ,  f o c u s  

upon t h o s e  f e a t u r e s  o f  t h e  i n t e r c o n n e c t e d  PV system- u t  l i t y  g r i d  t h a t  

a f f e c t  s i g n i f i c a n t l y  i t s  i s o l a t e d  o p e r a t i o n .  

The i n v e r t e r  d e s i g n e r ,  a n t i c i p a t i n g  t h e  need t u  s h u t  t h e  d e v i c e  

D-2 



D . l  Genera l  D e s c r i p t i o n  

D e t a i l e d  e l e c t r i c a l  d i a g r a m s  o f  commerc ia l  power -convers ion  systems a r e  

u s u a l l y  c o n s i d e r e d  p r o p r i e t a r y  and a r e  n o t  a v a i l a b l e  i n  t h e  open 

l i t e r a t u r e .  R e c e n t l y ,  Purdue U n i v e r s i t y  d e v e l o p e d  a h y b r i d  computer  model 

o f  t h e  APCC Suns ine  2000 p h o t o v o l t a i c  SPC t h r o u g h  t h e  a s s i s t a n c e  and 

c o o p e r a t i o n  o f  t h e  APCC t e c h n i c a l  s t a f f .  The Purdue r e p o r t  [27]  d e t a i l i n g  

t h i s  m o d e l i n g  e f f o r t  fo rmed t h e  o n l y  a v a i l a b l e  s o u r c e  o f  i n f o r m a t i o n  

r e g a r d i n g  t h e  Suns ine  2000 f o r  t h e  development  o f  a s i m p l i f i e d  a n a l y t i c a l  

t o o l .  M a t h e m a t i c a l  d e s c r i p t i o n s  o f  key i n v e r t e r  subsystems ( t h e  l i n e  

f i l t e r ,  t h e  l o o p  f i l t e r ,  e t c . )  were t a k e n  d i r e c t l y  f r o m  t h e  Purdue 

development ,  s i n c e  a c t u a l  c i r c u i t  d iagrams a r e  s t i l l  c o n s i d e r e d  

p r o p r i e t a r y .  The r e s u l t s  o f  t h i s  work  a r e ,  t h e r e f o r e ,  dependent  upon t h e  

c r e d i b i l i t y  o f  t h e  Purdue model .  I n  g e n e r a l ,  f o r  most  p r a c t i c a l  s i t u a t i o n s ,  

t h e  computer  r e s u l t s  seem t o  match f a i r l y  w e l l  e x p e r i m e n t a l  d a t a  o b t a i n e d  

f r o m  l a b o r a t o r y  and f i e l d  s t u d i e s  conducted  by G e o r g i a  Power Company. 

F i g u r e  D.1-1,  r e p r i n t e d  f r o m  Wasynczuk [27], i s  a s i m p l i f i e d  e l e c t r i c a l  

d i a g r a m  o f  t h e  APCC Suns ine  P V  system. The dc system, c o n s i s t i n g  o f  t h e  PV 

a r r a y  and a f i l t e r  c a p a c i t o r ,  i s  c o n n e c t e d  t o  a down c o n v e r t e r ,  w h i c h  

produces  an o u t p u t  c u r r e n t  c l o s e l y  r e s e m b l i n g  a f u l l  wave r e c t i f i e d  s i n e  

wave. The unwrapper  c i r c u i t  p roduces  a s i n u s o i d a l  o u t p u t  a t  t h e  u t i l i t y  

s i d e  o f  t h e  i s o l a t i o n  t r a n s f o r m e r  by i n v e r t i n g  e v e r y  o t h e r  h a l f  c y c l e  o f  t h e  

down c o n v e r t e r  o u t p u t .  
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FIGURE D.1-1 SIMPLIFIED ELECTRICAL DIAGRAM OF APCC INVERTER. 
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The i n v e r t e r  ac o u t p u t  c u r r e n t  i s  phase l o c k e d  t o  t h e  measured l i n e  v o l t a g e .  

A s i m p l i f i e d  b l o c k  d i a g r a m  o f  t h e  i n v e r t e r  c o n t r o l  system i s  shown i n  F i g u r e  

D.1-2. A maximum power t r a c k e r  (MPT) a s s u r e s  t h a t  maximum power i s  e x t r a c t e d  

f r o m  t h e  a r r a y  under  v a r y i n g  e n v i r o n m e n t a l  c o n d i t i o n s .  The v o l t a g e  r e g u l a t o r  

a d j u s t s  a magn i tude command s i g n a l ,  Imag, w h i c h  i s  t r a c k e d  by  t h e  down 

c o n v e r t e r  d u r i n g  normal o p e r a t i o n  and i s  a measure o f  t h e  peak ac c u r r e n t  

i n j e c t e d  i n t o  t h e  u t i l i t y .  

The f u n c t i o n  o f  t h e  PLL i s  t o  p r o v i d e  a r e c t i f i e d  s i n u s o i d a l  r e f e r e n c e  s i g n a l  

and t o  c o n t r o l  t h e  s w i t c h i n g  o f  t h e  unwrapper .  A more d e t a i l e d  f u n c t i o n a l  

b l o c k  d i a g r a m  o f  t h e  phase l o c k e d  l o o p  c o n t r o l  system i s  shown as  F i g u r e  

D.1-3. F o r  normal  o p e r a t i o n ,  t h e  m u l t i p l y i n g  d i g i t a l - t o - a n a l o g  c o n v e r t e r  

(MDAC) produces  a r e c t i f i e d  s i n u s o i d a l  r e f e r e n c e  s i g n a l ,  w h i c h  must  be 

s y n c h r o n i z e d  w i t h  t h e  l i n e  v o l t a g e .  To a c c o m p l i s h  t h i s ,  t h e  f r e q u e n c y  o f  t h e  

v o l t a g e  c o n t r o l l e d  c l o c k  ( V C C )  i s  v a r i e d  i n  p r o p o r t i o n  t o  a c o n t r o l  

s i g n a l  Vu. When Vu = 0, t h e  o u t p u t  f r e q u e n c y  o f  t h e  c l o c k  i s  

a p p r o x i m a t e l y  30.72 kHz. A t  each c l o c k  p u l s e ,  t h e  c o u n t e r  i s  i n c r e m e n t e d  

w i t h  a maximum c o u n t  o f  512. 

c o u n t e r  c y c l e  i s  60 Hz.  

+10 v o l t s ,  t h e  f r e q u e n c y  o f  a c o m p l e t e  c o u n t e r  c y c l e  w i l l  v a r y  between 59.073 

and 60.927 Hz. S y n c h r o n i z a t i o n  i s  a c h i e v e d  u s i n g  a f e e d b a c k  c i r c u i t ,  w h i c h  

i n c r e a s e s  o r  d e c r e a s e s  t h e  c o n t r o l  v o l t a g e  whenever t h e  c o u n t e r  o u t p u t  l e a d s  

o r  l a g s  t h e  l i n e  v o l t a g e .  D e t a i l s  o f  t h e  PLL VCC and n i n e - b i t  c o u n t e r  a r e  

d e p i c t e d  i n  F i g u r e  D.1-4. 

Thus, t h e  f r e q u e n c y  a s s o c i a t e d  w i t h  a c o m p l e t e  

A s  t h e  c o n t r o l  v o l t a g e  Vw v a r i e s  f r o m  -10 t o  

S y n c h r o n i z a t i o n  o f  t h e  c o u n t e r  t o  t h e  l i n e  f r e q u e n c y  i s  a c h i e v e d  b y  

m o n i t o r i n g  t h e  phase d i f f e r e n c e  between t h e  c o u n t e r  o u t p u t  and t h e  l i n e  
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I- 

v o l t a g e .  

r e p r e s e n t s  one o f  two i n p u t s  t o  an e x c l u s i v e  OR (XOR)  phase d e t e c t o r .  

t h e  average v a l u e  o f  t h e  XOR o u t p u t  i s  a measure o f  t h e  phase d i f f e r e n c e  

between t h e  a n g u l a r  s t a t e  o f  t h e  c o u n t e r  and t h e  l i n e  v o l t a g e .  

The f i l t e r e d  l i n e  v o l t a g e  i s  f e d  t o  an A/D compara tor  whose o u t p u t  

Thus, 



D.2  I s l a n d e d  O p e r a t i o n  

L e t  us  c o n s i d e r  t h e  i n t e r c o n n e c t e d  o p e r a t i o n  o f  t h e  P V  system w i t h  t h e  

u t i l i t y  g r i d  as  shown i n  F i g u r e  D.2-1 .  It i s  o f  i n t e r e s t  t o  observe  t h e  

o p e r a t i o n  o f  t h e  PV system i n  t h e  e v e n t  t h a t  t h e  c i r c u i t  b r e a k e r  i s  sudden ly  

opened. P a r t i c u l a r l y ,  i t  i s  i m p o r t a n t  f o r  o p e r a t i o n a l  and s a f e t y  

c o n s i d e r a t i o n s  t o  d e t e r m i n e  c o n d i t i o n s  under  w h i c h  t h e  u n i t  w i l l  r u n  on f o r  

t h e  maximum p o s s i b l e  t i m e .  A s  a m a t t e r  o f  f a c t ,  i f  t h e  l o a d  c u r r e n t  i s  

c a r e f u l l y  a d j u s t e d  so t h a t  a l l  o f  t h e  c u r r e n t  s u p p l i e d  by  t h e  i n v e r t e r  i s  

consumed by t h e  l o a d ,  t h e n  t h e  o p e n i n g  o f  t h e  b r e a k e r  w i l l  n o t  be  sensed b y  

t h e  i n v e r t e r ' s  p r o t e c t i v e  c o n t r o l  c i r c u i t s .  I n  t h i s  case, t h e  i n v e r t e r  w i l l ,  

t h e o r e t i c a l l y  a t  l e a s t ,  r u n  on i n d e f i n i t e l y .  Under a l l  o t h e r  l o a d  

c o n d i t i o n s ,  t h e  PLL and i t s  a s s o c i a t e d  c o n t r o l  c i r c u i t r y  u n d e r t a k e  t h e  t a s k  

o f  s e n s i n g  t h e  a p p r o p r i a t e  phase a n g l e s  b e f o r e  and a f t e r  l i n e  d i s c o n n e c t i o n  

and t r i p p i n g  a phase e r r o r  d e t e c t o r  whenever t h e  phase e r r o r  between t h e  

a n g u l a r  s t a t e  o f  t h e  phase l o c k e d  o s c i l l a t o r  and t h e  f i l t e r e d  l i n e  v o l t a g e  

r e f e r e n c e  becomes g r e a t e r  t h a n  2'. 

p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  o p e r a t i o n  o f  t h e  i n v e r t e r  under  i s l a n d e d  

c o n d i t i o n s .  For  t h a t  reason,  a t t e n t i o n  i s  f o c u s e d  b e l o w  i n  t h e  m o d e l i n g  

e f f o r t  on t h e  b e h a v i o r  o f  t h e  PLL c i r c u i t r y .  

Thus, t h e  dynamics o f  t h e  PLL c i r c u i t  a r e  

L e t  us  examine t h e  a c t i o n  o f  t h e  c o n t r o l  c i r c u i t  a t  t h e  t i m e  o f  l i n e  

d i  s c o n n e c t i  on. L e t  

#e = a b s o l u t e  phase e r r o r  i n  degrees  

#i = a b s o l u t e  phase d i f f e r e n c e  between i n v e r t e r  v o l t a g e  and c u r r e n t .  
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FIGURE D.2-1 PV-INVERTER-UTILITY INTERCONNECTION. 
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F I G U R E  D.2-2 THE PHASE ERROR DETECTOR CIRCUIT. 
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D u r i n g  s t e a d y - s t a t e  c o n d i t i o n s ,  b e f o r e  t h e  c i r c u i t  b r e a k e r  i s  opened, 

gi i s  t h e  phase l e a d  a n g l e  i n t r o d u c e d  b y  t h e  l i n e  f i l t e r ,  w h i c h  i s  v e r y  

c l o s e  t o  2 O .  The phase e r r o r  9, i s ,  o f  c o u r s e ,  z e r o  d u r i n g  

s t e a d y - s t a t e  c o n d i t i o n s .  When t h e  c i r c u i t  b r e a k e r  i s  opened, t h e  v a l u e  o f  

i s  d e t e r m i n e d  by t h e  l o a d  a n g l e ,  @L o f  t h e  p a s s i v e  l o a d  t o  w h i c h  

@e w i l l  
@i 

t h e  i n v e r t e r  c o n n e c t s .  Upon o p e n i n g  o f  t h e  c i r c u i t  b r e a k e r ,  

jump t o  t h e  v a l u e  so t h a t  @,- + @e = 2 O .  T h e r e a f t e r ,  t h e  r e s p o n s e  

o f  

, and V i s  p r i m a r i l y  d e t e r m i n e d  b y  t h e  c h a r a c t e r i s t i c s  o f  t h e  @i 9 @e w 

l i n e  f i l t e r ,  t h e  l o a d  and l o o p  f i l t e r  a s s o c i a t e d  w i t h  t h e  phase l o c k e d  l o o p .  

The most  s i g n i f i c a n t  d e s i g n  f e a t u r e  o f  t h e  i n v e r t e r  i n v o l v e s  a r e s o n a n t  peak 

o f  t h e  l i n e  f i l t e r  a t  60 Hz. Thus, t h e  phase l o a d  o f  t h e  l i n e  f i l t e r  

i n c r e a s e s  a s  t h e  f requency  i n c r e a s e s  and a t  a s i g n i f i c a n t l y  h i g h e r  r a t e  t h a n  

t h a t  o f  t h e  l o a d  ( i f  i t  i s  c a p a c i t i v e )  so t h a t  t h e  r e s u l t i n g  phase e r r o r  

i n c r e a s e s  a s  t h e  f r e q u e n c y  i n c r e a s e s .  A c l a s s i c  " p o s i t i v e  feedback"  i n s t a -  

b i l i t y  r e s u l t s ,  s i n c e  t h e  ac  system f r e q u e n c y  w i l l  i n c r e a s e  a t  a h i g h e r  r a t e  

as  t h e  phase e r r o r  i n c r e a s e s .  

D e t a i l s  o f  t h e  p h a s e - e r r o r - d e t e c t o r  c i r c u i t  r e s p o n s i b l e  f o r  d i s a b l i n g  t h e  

i n v e r t e r  a r e  shown i n  F i g u r e  0.2-2. I f  t h e  l o a d  i s  r e s i s t i v e  o r  i n d u c t i v e ,  

t h e n  t h e  i n i t i a l  jump i n  

t h e  t r i p  p o i n t  o f  t h e  phase e r r o r  d e t e c t o r  r e s u l t i n g  i n  a l m o s t  i n s t a n t a n e o u s  

shutdown. The same c o n d i t i o n  w i l l  r e s u l t  i f  t h e  l o a d  i s  c a p a c i t i v e  b u t  t h e  

magn i tude  o f  l o a d  a n g l e  i s  between 0' and 2 O .  The p o s i t i v e  f e e d b a c k  

i n s t a b i l i t y  i s ,  t h e r e f o r e ,  e s s e n t i a l  f o r  t h e  shutdown mode o n l y  i n  t h e  case 

o f  a c a p a c i t i v e  l o a d  w i t h  a phase a n g l e  between Oo and 2 O .  

@e w i l l  a lways  be  g r e a t e r  t h a n  2 O ,  w h i c h  i s  
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D.3 The S i m p l i f i e d  Computer Model 

d 

d t  

- 

S p e c i a l  a t t e n t i o n  i s  r e q u i r e d  i n  m o d e l i n g  t h e  dynamics o f  t h e  l i n e  f i l t e r  

and t h e  l o o p  f i l t e r  o f  t h e  PLL c i r c u i t .  The s i g n i f i c a n c e  o f  t h e  f i r s t  i n  

t h e  run-on mode was d e m o n s t r a t e d  i n  t h e  p r e v i o u s  s e c t i o n .  

r e m a i n i n g  c o n t r o l  c i r c u i t  components i s  s t r a i g h t f o r w a r d  and f o l l o w s  

c l a s s i c a l  approaches.  

M o d e l i n g  o f  t h e  

r *  

x1 

x2 

x3 

x4  

x5 
a 

The L i n e - F i l t e r  I m p l e m e n t a t i o n  

- 
0 

0 

-4925.76 

3078.60 

-46.39941 
..I 

The l i n e  f i l t e r  i s  implemented by a f i f t h - o r d e r  s t a t e  e q u a t i o n  whose 

t r a n s f e r  f u n c t i o n  i s  as f o l l o w s :  

H ( s )  = 9.803934E7*( S-2 .8748E-14)( s2+92. 79882s+144998.1) 

( s+71005.7)( s+2511.29)( s+61.87084)( s2+186, 6827s+149752.5) 

I n  F i g u r e s  D.3-1 and D.3-2, t h e  magn i tude and phase responses  a r e  p l o t t e d  

u s i n g  a CC program package. 

g roup d e l a y  a t  60 Hz makes t h e  PLL system u n s t a b l e .  

A s  was p o i n t e d  o u t  p r e v i o u s l y ,  t h e  p o s i t i v e  

r a r i a b l e  form,  t h e  e q u a t i o n s  a r e  w r i t t e n  as:  

-70970.59 -2303.92 1470.59 0 

-104.7237 -104.7237 66.8449 0 

1470.59 1470.59 -2597.43 74.23905 

0 0 46.39941 -46.39941 

0 0 46.39941 -46.39941 

x1 

x2 

X .  

x4  

x 5  
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FIGURE D . 3 - 1 T H E  MAGNITUDE RESPONSE OF THE L I N E  FILTER. 
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F I G U R E  D.3-2 THE PHASE RESPONSE OF THE LINE FILTER. 
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+ 

- 
66666. 

0 

0 

0 

0 - 

- 
= [O 0 1 0 O]*& "ac 

- 
,67 

- 

where 

"ac 

= [xl x2 x3 x4 x5IT. The poles of the line-filter transfer function are 

= -61.87084 

= -93.34133 + j375.5528 

= -93.34133 - j375.5528 
s2 

s3 
s4 = -2511.29 

s5 = -71005.7. 

The Loop-Filter Implementation 

The loop filter can be implemented by a third-order state equation whose transfer 
function is 

Hg(s)  = 67188.53 (s+3.002979) . 
s(s+303.0303)(~+62.57823) 

In Figures D.3-3 and D.3-4, the magnitude and phase responses are p1o;:ed using the 

CC program package. The 

state representation is as follows: 

1 

dt [l;] = 1; 0 1 I::] + -2.289749E6 6.31:712E3] V # ,  -1.89631E4 -3.656085E2 x3 
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F I G U R E  D.3-4 THE PHASE RESPONSE OF THE LOOP FILTER. 



V = r10 .64  0 O]*x, w 

where 

x 1'. The p o l e s  o f  t h e  l o o p  f i l t e r  a r e  1 x2 3 - x = [ x  

s1 = -62.57823 

s2 = -303.0303 

s3 = 0.  

V i s  t h e  i n p u t  t o  t h e  l o o p  f i l t e r .  

The L i n e  Impedance and t h e  Load Impedance 
dJ 

The l i n e  impedance i s  modeled as  t h e  s e r i e s  c o m b i n a t i o n  o f  a r e s i s t o r  ( w i t h  

a nomina l  v a l u e  o f  0.072 ohm) and an i n d u c t o r  (0 .072 ohm). 

impedance i s  s p e c i f i e d  b y  t h e  u s e r .  

The l o a d  

D.4 S i m u l a t i o n  S t u d i e s  

F i g u r e  D.4-1 d e p i c t s  a f l o w  c h a r t  o f  t h e  s i m u l a t i o n  program. 

c o n d i t i o n s  a r e  assumed: 

The f o l l o w i n g  

(1) The i n v e r t e r  i s  o p e r a t i n g  i n  s t e a d y  s t a t e  b e f o r e  l i n e  d i s c o n n e c t i o n  

so t h a t  t h e  average v a l u e  o f  t h e  l o o p  f i l t e r  o u t p u t  Vw i s  z e r o .  

The c i r c u i t  b r e a k e r  i s  opened when t h e  u t i l i t y  c u r r e n t ,  Iu(t), 

goes f r o m  a n e g a t i v e  t o  a p o s i t i v e  z e r o  c r o s s i n g .  

The i n i t i a l  v a l u e  o f  V w ( t )  i s  a d j u s t e d  t o  conform t o  c o n d i t i o n  (1). 

( 2 )  

(3 )  

I n  o r d e r  t o  compare model r e s u l t s  w i t h  t e s t  d a t a  a v a i l a b l e  t h r o u g h  GPC, 

s i m u l a t e d  c o n d i t i o n s  were i n i t i a l l y  s e t  t o  match t h o s e  o f  t h e  GPC t e s t s .  

system c u r r e n t ,  IAC(t), was chosen t o  be 23.56 amperes, and t h e  

The 
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i n v e r t e r  v o l t a g e  was made e q u a l  t o  339.4 v o l t s .  

l o a d  was 4200 ( w a t t s )  - j280 ( v a r s )  under  matched c o n d i t i o n s  - t h e  same as 

i n  t h e  GPC t e s t s .  

The power d i s s i p a t e d  b y  t h e  

F o r  a b a l a n c e d  c o n d i t i o n  w i t h  a c a p a c i t i v e  l o a d ,  RL = 13.7 ohm and 

C L  = 12.895 F. v 
l o a d  c o n d i t i o n s  a s  t h e  l o a d  power i s  v a r i e d  f o r  f i x e d  v a r s  and f i x e d  w a t t s ,  

r e s p e c t i v e l y .  

o n l y  7.943 ms. 

T a b l e  D.4-1 shows t h e  s e n s i t i v i t y  o f  t h e  run-on t i m e  on 

The b a l a n c e d  l o a d  case produces  t h e  l o n g e s t  run-on  t i m e  o f  

T a b l e  D.4-2 d e p i c t s  t h e  compar ison between t h e  s i m u l a t e d  and t h e  e x p e r i -  

m e n t a l  r e s u l t s .  A l l  run-on  t i m e s  a r e  l e s s  t h a n  8 ms. The i n v e r t e r  s h u t s  

down a l m o s t  i n s t a n t a n e o u s l y .  The computer  r e s u l t s  a r e  c o n s i d e r e d  

a c c e p t a b l e ,  because t h e y  a r e  w e l l  w i t h i n  t h e  "window" o f  200 ms. T h i s  t i m e  

i s  c o n s i d e r e d  i m p o r t a n t  because i t  may a f f e c t  t h e  a u t o m a t i c  r e c o n n e c t i o n  o f  

t h e  PV system t o  t h e  u t i l i t y  g r i d .  

T a b l e  D.4-3 shows a breakdown o f  t h e  s i m u l a t i o n  r e s u l t s  a c c o r d i n g  t o  t h e  

t y p e  o f  t h e  l o a d .  I t  may be o b s e r v e d  t h a t  t h e  i n v e r t e r  s h u t s  down a l m o s t  

i m m e d i a t e l y  f o r  p r a c t i c a l l y  a l l  s i t u a t i o n s  e x c e p t  when t h e  l o a d  phase a n g l e  

i s  between 0' and 2'. 
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TABLE D.4-1 SIMULATION RESULTS FOR CAPACITIVE LOAD 

($L ' 2 O )  

Load Power Load Impedance V Phase-Lag Run-on T ime  -ao 

3720.93-j280.01 15.393-jl . 158 4.302' 2.604 msec 
4204.38-j280.01 13.64 -j0.908 3.8085' 7.943 msec 
4600.64-j280.01 12.474-j0.759 3.482O 5.632 msec 

4204.38-j325.72 13.618-jl.055 4.43O 0.326 msec 
4204.38-j280.01 13.64 -j0.908 3,8085' 7.943 msec 
4204.38-j147.66 13.68330.481 2.013' 5.664 msec 



TABLE D.4-2 COMPARISON OF SIMULATED AND EXPERIMENTAL RESULTS 

Computer 
Case GPC T e s t  R e s u l t s  S i m u l a t i o n  R e s u l t s  

# I  .A. 1 Load Power 

Matched Power -280 ( V a r s )  
4160 ( W a t t s )  

System Amps 
17.28 (A) 

SPC V o l t s  
244.8 ( V )  

Run-on Time 
0.006 (sec)  

Load Power 
4204.38 (Wat ts )  
-280.01 ( V a r s )  

System Amps 
237.66 ( V )  

SPC V o l t s  
237.66 ( V )  

Run-on Time 
0.007943 ( s e c )  

# I . A . 2  Load Power 

10% Less -288 ( V a r s )  
3720 ( W a t t s )  

System Amps 
17.36 (A) 

SPC V o l t s  
244.8 ( V )  

Run-on Time 
0.004 ( s e c )  

Load Power 
3720.93 ( W a t t s )  
-280.01 ( V a r s )  

System Amps 
16.66 (A) 

SPC V o l t s  
270.18 ( V )  

Run-on Time 
0.002604 ( sec) 

# I  . A . 3  Load Power 

10% More -276 (Vars )  
4600 ( W a t t s )  

System Amps 
17.28 (A) 

SPC V o l t s  
243 ( V )  

Run-on Time 
0.001 ( s e c )  

Load Power 
4600.64 ( W a t t s )  
-280.01 ( V a r s )  

System Amps 
16.66 (A) 

SPC V o l t s  
223.45 ( V )  

Run-on Time 
0.005632 ( sec) 
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TABLE D.4-3 COMPUTER RESULTS AND COMPARISONS 
FOR THE APCC INVERTER 

Case 1. Load 
Wat t s  ; Vars  Run-on Time (q- ' 2O) @ L  

R-L Load +3.953O 4199.73 ; 290.22 2 .018 msec 
(Vac Leads I a c )  

R-L Load -4.302O 3720.93 ; -280.01  2.604 msec 
(Vac Leads I a c )  -3.809O 4204.38 ; -280.01  7.943 msec 

-3.482' 4600.64 ; -280.01  5.632 msec 
-4.430' 4204.38 ; -325.72 0.326 msec 
-2.013' 4204.38 ; -147.66 5.664 msec 

Case 2. Load 
( @ L  > 2O) @ L  W a t t s  ; Vars  Run-on Time 

R-L Load -1.776' 4204.38 ; -130.40 8 .984 msec 

(Vac Leads I a c )  -0.592O 4204.38 ; -43.47 927.865 msec 

Case 3.  Load 
( @ L  > 0 ° )  @ L  Wat ts  ; Vars Run-on Time 

R-L Load 0 .  OOOO 4203.31 ; 0.00 594.987 msec 
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